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KORTE INHOUD 
 
De bouwsector is verantwoordelijk voor een belangrijk aandeel van de totale milieu-impact in 
België. Het onderzoek in dit proefschrift is gericht op het evalueren van duurzaamheid van 
gebouwen en dit tijdens de verschillende fasen van het ontwerpproces. Bovendien is het de 
bedoeling om prioritaire acties te identificeren om te evolueren tot een meer duurzaam 
woningbestand in België.  
Een methodologie is ontwikkeld voor het evalueren van de milieuprestatie en financiële kost 
van gebouwen, welke via een levenscyclus benadering zijn geïntegreerd. Bovendien is de 
kwaliteit van de woningen mee in beschouwing genomen bij de eindbeoordeling. De 
milieubelasting wordt uitgedrukt in milieukosten, ook wel externe kosten genoemd. 
De ontwikkelde methodologie is vertaald naar een evaluatietool (SuFiQuaD-tool) gebaseerd 
op de elementenmethode. Een hiërarchische decompositie van het gebouw maakt een 
evaluatie tijdens de verschillende fasen van het ontwerpproces mogelijk. De tool kan 
hierdoor gebruikt worden vanaf het schetsontwerp. Via een beperkte input worden zowel de 
milieuprestatie - aan de hand van milieukosten - en de financiële kosten berekend. De 
analyse gebeurt op gebouwniveau en beschouwt de volledige levensduur. Naast de analyse 
van de milieuprestatie en financiële kost, wordt bovendien de energieprestatie van de 
woningen volgens de Vlaamse EPB normering berekend zodat slechts éénmalig input moet 
worden gegeven. De tool laat naast een optimalisatie op gebouwniveau een meer beperkte 
optimalisatie op elementniveau toe.  
Zestien woningen zijn milieutechnisch en financieel beoordeeld aan de hand van het 
ontwikkelde evaluatietool. De milieuprestatie, investeringskost en levenscyclus financiële 
kost is nagegaan van bestaande woningen daterend uit de periode voor 1945, 1945 – 1970, 
1971 – 1990 en 1991 – 2001. Deze zijn vergeleken met de huidige bouwpraktijk en tenslotte 
is via een Pareto-optimalisatie nagegaan welke verbeteringen mogelijk zijn met huidige 
technologie. Deze optimalisatie is zowel op basis van milieuprestatie als financiële kost en 
een combinatie van beide gebeurd. 
De casestudies (beschouwd over 60 jaar) maken duidelijk dat het vervangen van bestaande 
woningen (van voor 1970) door de berekende optima, gemiddeld in een 60% reductie van de 
levenscyclus impact resulteert. Bovendien blijkt dat de milieu-impact van de woningen 
gebouwd volgens de huidige praktijk met 18 tot 35% kan verminderd worden door een betere 
isolatiegraad, betere luchtdichtheid en keuze van bouwmaterialen. Prioritaire acties zijn 
hiervoor bepaald. Bovendien is aangetoond dat de keuze van het gebouwtype en de lay-out 
een impact reductie tot 57% kan betekenen. Het optimum blijkt bovendien verschillend te zijn 
vanuit milieu- en financieel oogpunt en verschilt naargelang woningtype en -kenmerken. 
Op basis van de analyses is input gegenereerd welke kan gebruikt worden als hulpmiddel 
vanaf het schetsontwerp. Voor de zestien representatieve case studies is een milieukost 
en financiële kost bepaald (zowel initieel als levenscyclus) voor de huidige bouwpraktijk en 
de geoptimaliseerde woning. Deze waarden kunnen gebruikt worden als eerste raming 
tijdens het schetsontwerp. Een analoge analyse is gebeurd op elementniveau. Deze 
berekende kosten kunnen gebruikt worden in een latere fase in het ontwerpproces wanneer 
de hoeveelheden van de verschillende elementen (ruw) bepaald zijn. 
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ABSTRACT 
 
The building sector is responsible for an important part of the total environmental impact in 
Belgium. The research in this thesis focused on the evaluation of the sustainability of 
buildings. The aim was moreover to identify the actions needed in order of priority to move 
towards a more sustainable residential sector in Belgium. 
A methodology is developed to evaluate the environmental impact and financial cost of 
buildings, both integrated via a life cycle approach. The quality of the dwellings is moreover 
considered in the assessment. The environmental impact is expressed in monetary values 
(external costs). 
The methodology developed is translated in an assessment tool (SuFiQuaD-tool) based on 
the element method. A hierarchical decomposition of the building enables an evaluation 
during each phase of the design process. The tool can therefore be used from sketch design 
onwards. Via a limited input both the environmental impact – expressed in external costs – 
and the financial costs are calculated. The analysis is made at the building level and 
considers the whole life span. Beside the analysis of the environmental impact and financial 
cost, the energy performance according to the Flemish EPB norms is calculated in order to 
avoid the need for double input. On top of the optimisation at the building level, the tool 
allows a more limited optimisation at element level if desired. 
The assessment tool is used for the evaluation of the environmental and financial 
performance of sixteen dwellings. The environmental performance, the investment and life 
cycle financial cost is determined for existing dwellings from the periods before 1945, 1945 – 
1970, 1971 – 1990 en 1991 – 2001. These are compared with the current common practice 
and finally, improvements are analysed using the Pareto concept. Only current available 
technology is considered within the optimisation procedure. The dwellings are optimised 
based on external cost, financial cost and a combination of both.  
The case studies (considering a life span of 60 years) reveal that the replacement of existing 
dwellings (built before 1970) by the calculated optima results in an average decrease in life 
cycle external cost of 60%. Moreover, the environmental impact of the dwellings built 
according to common practice to date can be reduced by 18 to 35% through an increase of 
the insulation level, an improvement of the air-tightness and a different choice in building 
materials. Actions in order of priority are determined to reach to these optima. Moreover, the 
analysis proves that the choice of dwelling type and layout of the dwelling can result in a 57% 
reduction in life cycle external cost. It is furthermore proved that the optimum depends on the 
dwelling type and characteristics and differs from an environmental and financial perspective. 
Based on the analyses, input is generated which can be used during sketch design. For the 
sixteen representative case studies a financial and external cost is determined (both initial 
and life cycle) according to common practice to date and the optimised alternative. These 
values can be used to make a first estimation during sketch design. An analogous analysis is 
made at the element level. These calculated costs can be used further on in the design 
process when the amount of the different elements is (roughly) determined. 
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CHAPTER 01 - INTRODUCTION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Verzet begint niet met grote woorden 
maar met kleine daden 
 
zoals storm met zacht geritsel in de tuin 
of de kat die de kolder in zijn kop krijgt 
 
zoals brede rivieren 
met een kleine bron 
verscholen in het woud 
 
zoals een vuurzee 
met dezelfde lucifer 
die de sigaret aansteekt 
 
zoals liefde met een blik 
een aanraking iets dat je opvalt in een stem 
 
jezelf een vraag stellen 
daarmee begint verzet 
 
en dan die vraag aan een ander te stellen.” 
 
 
Remco Campert
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01.01 Background 
01.01.01 An inconvenient truth 
Sustainability is not a new concept, but only recently the wider public has become conscious 
of it. Especially the noticeable global warming and the media attention (for example the book 
and movie “An inconvenient truth”) led to this improved consciousness. But also the 
depletion of fossil fuels and the better insight into and thus awareness of health problems like 
allergies, respiratory problems and cancer are ‘helping’ to improve this consciousness. It is 
noticed that more and more organic products appear in supermarkets and that people are 
thus prepared to pay for these despite the higher prices. The supermarket “Bio-planet” is the 
ultimate proof of this (bioplanet, 2009). Within the building sector, bio-ecological materials 
have become alternatives to more traditional materials. To date, discussions about healthy 
plastic drinking bottles are lively (CORELAS, 2008) and many people opt (again) for 
washable nappies to help reduce the amount of waste caused by disposables. Without 
claiming that organic products, bio-ecological materials nor washable nappies are better, 
these examples prove that informed people may change their behaviour. 
However, putting the car aside to use public transport instead is still a bridge too far for 
many. Would it help to convince them if they knew what damage they are causing with their 
car? Most probably not, since it seems that besides its comfort, the feeling of freedom, 
richness and ‘status’ is far too important, and a car is, lamentable or not, a symbol of these 
values. The government and the media play an important role, but cleaner technology or/and 
higher fuel prices may be the only solution here. 
Energy reducing measures and renewable energy use in the building sector are both 
stimulated by the government through subsidies and tax reduction. Although installing 
photovoltaic solar panels on un-insulated houses seems contradictory, it is common practice 
to date. Is the only reason ignorance? Has it rather to do with the ‘car’ feeling of status? Or, 
is it – thanks to the large governmental support1 - because of financial considerations? 
01.01.02 Sustainability 
The conventional starting point of sustainable development is 1968 when the Club of Rome 
publicly questioned the economic blueprint for industrialised societies, published in the 
famous report “The limits to Growth” (Meadows, Meadows, Randers, & Behrens, 1972). 
Within this report the idea that economic development must be combined with environmental 
protection is put forward. In the same year of this publication the first UN summit on man and 
environment took place in Sweden (Stockholm). This conference resulted in the publication 
of the report “Our Common Future” by Gro Harlem Brundtland introducing the notion of 
sustainable development as “development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs“ (WCED, 1987). 
Ever since the concept of sustainable development has been debated worldwide and despite 
the consensus on its importance, there is no agreement on a more detailed elaboration of the 
general definition. However, since the 1990s it is broadly acknowledged that three 
dimensions are incorporated within the concept, namely the economic, environmental and 
social aspect (Barrow, 1997), (Waage, et al., 2005), (Nijkamp, 2007). Sometimes a fourth 
dimension, the cultural dimension, is added. Despite the importance of all dimensions, this 
thesis is mainly focussing on the environmental and economic aspect of sustainability. The 
social aspects, however, can be considered when implementing the proposed methodology 
and implementation results in policy regulations. This is a logical subsequent step of the 
thesis work, but is not elaborated because of scope and time constraints. 
                                                 
1 In 2009 the installation of photovoltaic solar panels was stimulated by the government through tax reduction 
(40% of the investment cost to a maximum of 3600 euro), green-energy certificates for 20 years (450 euro per 
1000 kWh), together sometimes with municipal subsidies or an interest-free loan. And of course, there is still the 
reduction of the electricity bill due to own production, which equals approximately 170 euro per 1000 kWh. (VEA, 
2009) 
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01.01.03 Residential buildings and integrated life cycle design 
In every country, the construction industry is a major contributor to socio-economic 
development. Environmentally however, the construction sector is responsible for high 
energy consumption, solid waste generation, global greenhouse gas emissions, external and 
internal pollution, environmental damage and resource depletion (Ortiz, Castells, & 
Sonnemann, 2009). Building construction industry consumes 40% of the materials entering 
the global economy and generates 40-50% of the global output of greenhouse gases and the 
agents of acid rain. It is thus essential to involve the building construction industry to achieve 
sustainable development in the community (Asif, Muneer, & Kelley, 2007). 
Similar to other countries, the construction sector (including housing) in Belgium is 
responsible for an important part of the total environmental impact. It constitutes for example 
56% of the yearly extraction of sand (De Herde, 2005, p. 3) and the building related energy 
use (housing included) accounts for 36 - 40% of the total energy consumed in Flanders 
(Hens & Janssens, 2005, p. 133). From this data it is obvious that reducing the 
environmental impact of buildings is a priority.  
The building stock in Belgium mainly consists of dwellings: 82% of all buildings were 
residential buildings at the start of 2008. Moreover, a large fraction of new buildings are 
residential, on average 84% of the building permits over the last 13 years are for residential 
buildings. Furthermore the energy consumption by households is responsible for 32 % of the 
annual end use (2002), which means pollution due to the emission of amongst others CO2, 
NOx, SO2 and dust. (Belgian Federal Government, 2009) 
During the design of a dwelling, a minimum investment cost for a set of minimum 
performances is often strived for. However, integrated life cycle design could enhance the 
overall performance and optimise the life cycle cost and life cycle environmental impact of 
the dwelling. As stated by Oberg “integrated lifetime engineering is an approach to bridge the 
gap between the short term design perspective and the long life nature and complexity of a 
building” (Oberg, 2005, p. 9). 
01.02 Objective and scope 
The main objective of this work is twofold. The first is the development of an evaluation 
method to assess sustainability of buildings within an integrated life cycle approach. 
Moreover, the method should be applicable during the different design stages in order to 
make informed decisions right from the beginning of the design process when the decisions 
with most impact are taken. 
The second objective is to identify the actions needed in order of priority to move towards a 
more sustainable residential sector. These priorities are sought to inform both the private 
decision maker and the government. The former are rather interested in actions which lead 
both to an environmental and financial benefit. The task of the government may lie in 
stimulating those measures that lead to an environmental benefit, but require high financial 
investment or life cycle costs. 
To clarify the difference between and the importance of the two objectives, it can be 
compared with the current energy performance approach. A method to analyse every single 
dwelling is needed in order to optimise that dwelling during conception or refurbishment. This 
is accomplished by the energy performance regulations of buildings (EPB). However, 
research to investigate the actions in order of priority to reduce the energy consumption of 
the residential sector, such as the study “CO2 emission reduction options in the future 
building stock – scenarios for strategy development” (Dooms, Achten, Verbeeck, & Dreesen, 
2008) for Flanders and the study “Technical-economic analysis of the efficiency of energy 
saving investments” (De Coninck & Verbeeck, 2005) for Brussels, is equally important. 
  
  KAREN ALLACKER | SUSTAINABLE BUILDING 
 
PART A | 01 Introduction  P a g e  | 5 
01.03 Research methodology 
Different questions are addressed within the research. 
1. How can the environmental performance of buildings be measured? 
2. How can environmental performance – and financial consequences - be modelled for 
evaluation at each design stage? 
3. What is the environmental performance of dwellings to date? 
4. How can the environmental performance be improved and what are the actions in order of 
priority? 
5. Are the measures for environmental improvement financially affordable? 
6. Are the measures for environmental improvement financially justified based on life span? 
Although not formulated as an explicit research question, the aim is to formulate policy 
recommendations from the analysis. Even if this is not elaborated within this thesis work, it is 
kept in mind during the development of the assessment method. 
The research is restricted to global impacts and therefore does not include local impacts 
such as indoor air quality and health impacts on employees due to local circumstances in the 
construction sector. Although especially indoor air quality is important for health issues within 
residences, it is not addressed within this research since investigation to combine 
assessment of indoor air quality and global environmental effects is from recent date and is 
thus still under development. Important work is for instance the research by Meijer et al. 
(Meijer, Huijbregts, & Reijnders, 2005a) (Meijer, Huijbregts, & Reijnders, 2005b). 
01.04 Outline of the research 
This dissertation is divided into two main parts, preceded by this introductory chapter and 
followed by the conclusions and proposals for further research. 
Introduction 
Part A: methodology - quantitative approach 
Part B: implementation - typological analysis 
Conclusions and proposals for further research 
01.04.01 Introduction 
The introductory chapter provides insight into the background of the research, defines its 
objectives and scope, and elaborates on the methodology and outline of the dissertation. 
01.04.02 Part A: methodology – quantitative approach 
Part A contains seven chapters, each of these elaborating on parts of the approach and their 
interrelation. It concerns an elaboration on the methodology developed to analyse and 
improve the sustainability of buildings. More specifically, the environmental impact, financial 
cost and performance of buildings are assessed in a quantitative way. Each of the chapters 
is based on an extensive literature review. 
Chapter two provides an introduction to the integrated approach and the research focus; and 
describes the link between the subsequent chapters. 
The third chapter focuses on the assessment of the environmental impact of buildings from a 
life cycle perspective. The fourth chapter is a continuation of the previous one and covers the 
details of the monetary valuation of environmental impacts. 
Chapter five concentrates on the second part of the sustainability question, namely the life 
cycle financial costs. Besides the basic computation rules, the assumptions and the 
important economic parameters are discussed. 
In the sixth chapter the hierarchical structure based on the element method for cost control is 
elaborated. This method is followed for the development of the calculation model. It is an 
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important feature of the modelling since it enables assessment during the different phases of 
the design process. The existing method is extended for life cycle financial cost and 
environmental impact estimations. Furthermore the gathering of LCA and LCC common data 
and the measuring conventions are described in this chapter. 
Chapter seven brings the difference in performance of dwellings into focus, which is 
necessary for comparative analysis. This performance evaluation is included in view of the 
second objective. It is needed for the optimisation of the sustainability of the current dwelling 
stock. Very small houses with little windows probably lead to the lowest environmental 
burden and financial cost. However, if nobody wants to live in these because of the poor 
conditions, then these are not sustainable dwellings. During the design of a dwelling, the 
architect and contractor implicitly consider performance along with financial cost and 
environmental burden and an explicit performance evaluation is thus not needed. However, 
within macro-scale analysis there is nobody to watch over the performance. Therefore quality 
evaluation is a necessary part of the sustainability analysis. 
The last chapter of this part contains an overview of a number of multi-objective optimisation 
methods and describes the technique used within the context of this research. The 
optimisation criteria concerning environmental impact, financial cost and performance of the 
dwellings are described. 
01.04.03 Part B: implementation – typological analysis 
The second part contains the implementation of the methodology developed. It consists of 
five chapters. Chapter nine provides an introduction to the implementation and elaborates on 
the steps taken. These consist of the translation of the methodology into a calculation model, 
followed by the implementation of the model at the element and dwelling level. 
Chapter ten explains the model for assessment and optimisation of the building elements 
and dwellings and presents the outline of the model. 
Chapter eleven provides an overview of the selected dwellings which are assessed to 
formulate the actions in order of priority. 
Chapter twelve summarises the results of the analysis at the element level. This is a 
necessary intermediate step before analysis at the dwelling level since it enables to limit the 
number of simulations at the higher level. 
The final chapter within this part is the most important one of the five and elaborates on the 
implementation of the model developed to the selected dwellings. 
Although the number of chapters is more limited in the second part, the number of pages is 
more extended. This does not indicate a higher importance, on the contrary. The model 
developed is more important than the absolute results since the latter is only a reproduction 
of a moment in a continuously changing society (amongst others economic situation and 
resources found in nature). Furthermore these should be interpreted within the current state 
of knowledge which will improve in future. Although the basic principles of the method remain 
unchanged, the model developed should be updated on a regular base. Not only because 
knowledge of the impact of harmful emissions will improve, but there might be ‘new’ harmful 
emissions discovered. Finally, the results should be read with the aim of the work in mind, 
other objectives would require other assumptions such as for instance the considered life 
span of the dwellings (Verbeeck, 2007). As a consequence, the results should be interpreted 
with care. 
01.04.04 Conclusions and proposals for further research 
The dissertation ends with the main conclusions and suggestions for further research in 
chapter 14.   
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PART A 
METHODOLOGY – QUANTITATIVE APPROACH 
  
 
CHAPTER 02 – INTEGRATED LIFE CYCLE APPROACH 
 
This chapter establishes the framework for the integration of several analytical methods 
within this research. The integration is required to overcome the limits of each single method 
and to evolve an integrated life cycle evaluative approach. Combining the knowledge from 
these various methods should enhance integrated insights for the decision maker. A 
quantitative life cycle approach is followed to ensure the necessary transparency and 
reproducibility of the results. Life Cycle Assessment (LCA) is selected for the assessment of 
the environmental impact, while Life Cycle Costing (LCC) is chosen for the cost evaluation. 
The performance of the dwellings is evaluated through a Multi-Criteria analysis (MCA) in 
order to assess the wide range of aspects of differing nature inherent in a building. The three 
methods are integrated through an optimisation procedure by searching for the Pareto set of 
optimal options for different criteria formulated to answer the research questions. In order to 
manage the complexity of sustainable dwellings and enable assessment at different phases 
during the design process, the element method for cost control is used and extended to life 
cycle costs and environmental impact. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An attempt to manage complexity 
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02.01 Research objective - need for an integrated life cycle approach 
As stated in the introductory chapter, the aim of this research is to develop a method to 
assess sustainability of dwellings during every phase of the design process. Furthermore, the 
aim is to investigate the actions in order of priority to move towards a more sustainable 
dwelling stock. 
The objective is to perform the analysis at the dwelling level and consider the whole life cycle 
of the dwelling. Since the private investor is the main decision maker in the Belgian housing 
sector, the aim is to investigate which measures bring him/her to an issue based on financial 
considerations and which of these are environmentally justified. Although many decisions to 
date are mainly based on investment cost, life cycle costs should also be considered. One of 
the research questions is therefore if decisions based on investment cost coincide with life 
cycle cost based decisions. The same reflection accounts for decisions related to the 
environmental impact. 
A life cycle approach moreover allows investigation of the responsibility of the different 
stakeholders. It should clarify if a focus on the production of building materials, transportation 
of these or end-of-life treatment is required, or if transport during use phase, maintenance 
and replacements should be prioritised in order to evolve a more sustainable building sector, 
or if, for instance, energy saving is most important.  
These objectives clarify the need for assessment of different aspects which can only be 
achieved by an integrated life cycle approach. Many definitions of integrated assessment 
exist, but the commonalities are summarised in the definition “integrated assessment is a 
structured process of dealing with complex issues, using knowledge from various scientific 
disciplines and/or stakeholders, such that integrated insights are made available to decision 
makers” (Rotmans, 1998, p. 155). This approach is therefore considered viable for 
addressing such complex issues as sustainable buildings.  
02.02 Research objective – need for a quantitative approach 
As illustrated in the introductory chapter, informing the decision maker may change his/her 
behaviour. However, the complex character of sustainability and buildings will most probably 
lead to contradictory conclusions which may confuse the decision maker even more. 
Convinced that only quantitative algorithms ensure the necessary transparency and 
reproducibility of results, a quantitative approach is chosen within this research. However, as 
stated by Dirk Sijmons (2009), “the emotional part of people, like value, belief and fear to 
persons cannot be determined quantitatively but will also determine one’s final decision”. 
Therefore the proposed integrated approach based on quantitative methods is not covering 
all aspects to achieve a sustainable environment, but should be seen as an aid to enhance 
acquaintance and therefore may influence one’s decision. 
02.03 Integration of analytical quantitative methods within a procedural approach 
As elaborated by Finnveden and Moberg (2005), a differentiation can be made between 
procedural and analytical methods. While the former focus on the procedures and the 
connections, the latter focus on technical aspects of the analysis. However, the authors also 
rightly add that analytical methods can be used within the framework of a procedural 
approach. This is what is aimed at within the context of this research and thus, since the 
technical aspects are the primary focus, analytical methods are selected for combination 
within the integrated approach. 
The analytical quantitative methods should include the assessment of environmental 
impacts, financial costs and performance of the dwellings. The selected methods are 
summarised here and further elaborated in the subsequent chapters. The state of the art of 
the different methods is moreover given in the specific chapters. 
Life cycle assessment (LCA) is a method to assess the environmental impacts throughout a 
product’s life from raw material acquisition through production, use and disposal. It is a 
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widely acknowledged quantitative assessment method and is therefore selected for this 
research (ISO 14040, 2006). The LCA approach however covers a wide range of 
implementation options which are further elaborated in chapter 03, containing the choices 
within this research. Moreover, it has been decided to use monetary valuation as the impact 
assessment method, which is extensively elaborated in a separate chapter (chapter 04). 
The well-established Life Cycle Costing (LCC) technique is used for the financial evaluation. 
As defined by the building and construction assets standard ISO 15686, it enables the 
calculation of “the total cost of a building or its parts throughout its life, including the costs of 
planning, design, acquisition, operations, maintenance and disposal, less any residual value” 
(ISO, 2006, p. 20). It is used to assess the costs of the dwellings from a life cycle 
perspective. The methodology and necessary assumptions are described in chapter 05. 
The evaluation of the performance of the dwellings is a necessary part in comparative 
analysis and is therefore considered within this research. The performance of dwellings 
consists of a wide range of aspects with a different nature such as for instance functional 
characteristics, acoustical performance and safety. To come up with straightforward 
decisions, a single score is desired despite the differing character of the aspects. 
Approaches exist to translate performance characteristics in monetary terms. However, it is 
impossible to execute such a study within this research and since no studies are available 
which already do this, a different approach is used. Multi-criteria analysis (MCA) is selected 
as the most appropriate method since it enables assessment of both quantitative and 
qualitative information without the need for translation into monetary terms (Ampe, Geudens, 
& Macharis, 2008). MCA establishes preferences between options by reference to an explicit 
set of objectives for which measurable criteria are established to assess the extent to which 
the objectives have been achieved (Dodgson, Spackman, Pearman, & Philips, 2007). The 
MCA approach is selected since it enables a transparent and explicit evaluation, it is based 
on a clear definition of the criteria used; and in accordance with different points of view 
different weighting of the criteria is possible (Lombardi, 2007). Implementation of the method 
is further elaborated in chapter 07 stating explicitly the considered set of objectives, the 
defined measurable criteria and the sets of weighting factors. 
In order to identify the actions in order of priority an optimisation of the environmental impact, 
financial cost and performance of the dwellings is needed. A ranking of priorities can 
therefore only be established based on a multi-objective optimisation procedure (MOO). As 
stated by Marler and Arora (2004, p. 369) MOO stands for “the process of optimising 
systematically and simultaneously a collection of objective functions”. The concept of MOO is 
further described by Marler and Arora, consolidating seemingly different concepts, methods 
and terminology (Marler & Arora, 2004). Within MOO there is typically no single global 
solution. It is therefore necessary to determine a set of optimal points which all correspond to 
a predetermined definition of optimum. As stated by the authors (Marler & Arora, 2004), the 
predominant concept in defining an optimal point is that of Pareto optimality. This concept is 
used within this research. By reducing the number of objectives - by adding the external cost 
to the financial cost - the Pareto front is altered from a surface to a curve, reducing the 
number of Pareto optima. This is elaborated in chapter 08. 
02.04 Managing complexity 
As is extensively discussed in literature, the complexity of buildings requires a separate 
approach within the LCA practice (SETAC, 2003). Combining the above analytical tools at 
the dwelling level seems even more complex. To manage the complexity and guarantee 
transparency, the element method for cost control is used for structuring the building (De 
Troyer, 2007). The complexity is managed through a hierarchical decomposition of the 
building in “independent” elements. Moreover, the element method enables the execution of 
analysis during different phases of the design process, which is one of the aims of this 
research. The basic concept and extensions for application within this research are 
elaborated in chapter 06.  
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CHAPTER 03 – ASSESSMENT OF ENVIRONMENTAL IMPACT 
 
Life cycle assessment (LCA) is a method to assess the environmental impacts throughout a 
product’s life cycle from raw material acquisition through production, use and disposal 
(landfill, incineration, recycling, re-use). In this chapter, the basic approach is elaborated and 
the specificity of its application to constructions is discussed. Moreover, an overview is given 
of available software tools for the analysis of dwellings. Finally, the implementation options 
are discussed such as input and output data, allocation, environmental burdens, impact 
assessment methods and uncertainties, enclosing the choices within this research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A life cycle approach 
 
 
  
SUSTAINABLE BUILDING | KAREN ALLACKER 
P a g e  | 16 PART A | 03 Assessment of environmental impact 
INDEX 
03.01  Environmental assessment approaches – Life Cycle Assessment .................. 17 
03.01.01  General description of LCA .................................................................................. 17 
03.01.02  International framework ........................................................................................ 18 
03.01.03  Brief overview of the LCA procedure .................................................................... 19 
03.02  Application and experience of LCA at the building level ................................... 20 
03.02.01  Specificity of buildings .......................................................................................... 20 
03.02.02  Standardisation .................................................................................................... 22 
03.02.03  Existing tools ........................................................................................................ 22 
03.03  Assessment options within this research ........................................................... 27 
03.03.01  LCI – Life cycle Inventory ..................................................................................... 27 
03.03.02  Allocation procedures ........................................................................................... 29 
03.03.03  Transport and EOL scenarios .............................................................................. 32 
03.03.04  LCIA – Life Cycle Impact Assessment ................................................................. 32 
03.04  Uncertainty ............................................................................................................. 39 
03.04.01  Definition and state-of-the-art ............................................................................... 39 
03.04.02  Addressing uncertainty within this research ......................................................... 39 
03.05 Conclusions ................................................................................................................ 40 
References ............................................................................................................................ 41 
  
    KAREN ALLACKER | SUSTAINABLE BUILDING 
PART A | 03 Assessment of environmental impact  P a g e  | 17 
03.01 Environmental assessment approaches – Life Cycle Assessment 
As elaborated by Finnveden and Moberg (2005) a large number of methods for assessing 
environmental impacts are available. Depending on the objective, a specific method should 
be chosen since in general one approach cannot replace another. The authors mention the 
methods Environmental Impact Assessment (EIA), System of Economic and Environmental 
Accounting (SEEA), Environmental Auditing, Life Cycle Assessment (LCA) and Material Flow 
Analysis (MFA). Their comparison confirms the choice of LCA for the assessment of the 
environmental impact within the context of this study. Moreover, Life Cycle Costing (LCC) 
and Cost Benefit Analysis (CBA) are mentioned for the purpose of including economic 
aspects on the one hand and to move from product to policy level on the other hand. The 
latter are elaborated in the subsequent chapters. 
03.01.01 General description of LCA 
According to the ISO 14040 standard, LCA is defined as “the compilation and evaluation of 
the inputs, outputs and potential environmental impacts of a product system throughout its 
life cycle” (2006, p. 2). 
 
Figure 03.01 Methodological framework of an LCA(ISO 14040, 2006, p. 8). 
It is important to notice that an LCA assesses potential instead of actual impacts. The 
REGENER project defines an ‘actual’ environmental impact as “the consequences for human 
health, for the well-being of flora and fauna or for the future availability of natural resources 
attributable to the input and output streams of a system” (REGENER, 1997, p. 82). 
Furthermore on the same page is stated that “‘Potential’ impacts do not assess any 
consequences but only give an indication of hazard”’. This is further elaborated in the IEA 
publication about the environmental framework (IEA, 2004d). An example of implementation 
is the determination of potentially disappeared fractions (PDF) of plant species in 
eutrophication and acidification modelling. If the PDF is higher than for instance 97.5 %, the 
probability of occurrence is less than 2,5% (Goedkoop & Spriensma, 2001, p. 72). 
As is illustrated by Figure 03.02, LCA in current practice covers a great part of the total 
environmental perspective but is clearly restricted to regional and global impacts to the 
external environment. Effects for which there is a low plausibility that they will occur (e.g. 
risks of nuclear waste) and local effects from the products on the manufacturers or users are 
disregarded.  
Goal
 and scope
definition
Inventory
analysis
Impact
assessment
Interpretation Applications
Life cycle assessment framework
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Figure 03.02 Domain of LCA (Oberg, 2005, p. 33) 
However, the use of buildings can cause effects on health of the inhabitants. The possibility 
to include indoor climate assessment in LCA has been investigated and discussed by 
different authors. According to Asa Jönsson (2000a) only very limited aspects of the indoor 
climate can be addressed in LCA and therefore should preferably be dealt with separately. 
Her conclusion is that indoor climate may be a relevant impact category in building–related 
LCA, however, normal exposure levels in non-industrial indoor environments are far below 
those levels for which a relationship has been found between concentrations of volatile 
organic compounds (VOC) and health effects. Within a more recent study by Meijer et al 
(2005a) (2005b), a methodology has been developed to calculate damage to human health 
caused by pollutants emitted from building materials. They conclude that the total damage to 
human health due to emissions occurring in the use phase of a Dutch reference dwelling has 
the same order of magnitude as the total damage to human health associated with the rest of 
the life cycle of the same dwelling and therefore cannot be neglected. Moreover, radon and 
gamma rays were revealed to be dominant among the pollutants studied. Although this 
attempt seems promising, local impacts of the indoor environment are not assessed within 
this research given the uncertainty of these first contradictory results. 
Within current LCA methodology no calamities, risks and safety aspects are considered. As a 
consequence the risks accompanying the nuclear fuel chain are not assessed (although the 
amount of nuclear waste is included). This is a limitation of the approach which should be 
kept in mind when interpreting the results. However, based on current data the impact of this 
risk is negligible in comparison to the total impact of the whole nuclear fuel chain (cfr. chapter 
04). 
Despite the above limitations, LCA is found to be the most suitable method to assess the 
environmental impacts of a product or process and has a broad international acceptance. It 
is therefore selected within this research for the assessment of the environmental impacts. In 
the following paragraphs the current international framework of LCA is described and the 
procedure is briefly elaborated, followed by a description of the state of the art of its 
application at the building level. Finally the most important implementation decisions within 
this research are summarised. 
03.01.02 International framework 
The international standards of the ISO 14000 series are an answer to the need for 
standardisation in order to establish a framework for LCA studies. These standards and 
guidelines address various environmental aspects, including management, labelling, 
performance evaluation, life cycle analysis, communication and auditing. The ISO 14040 
describes the principles and framework for LCA and is further described in the next section 
    KAREN ALLACKER | SUSTAINABLE BUILDING 
PART A | 03 Assessment of environmental impact  P a g e  | 19 
(03.01.03). The ISO standards on LCA originated from the ‘Code of Practice’. The latter is 
developed by the Society for Environmental Toxicology and Chemistry (SETAC). SETAC is a 
worldwide organisation dedicated to scientific research related to environmental problems 
and education in environmental sciences. (SETAC, 2009)  
03.01.03 Brief overview of the LCA procedure 
According to ISO 14040 an LCA must be performed in four iterative steps (ISO 14040, 2006): 
i. Goal and scope definition; 
ii. Life Cycle Inventory (LCI): inventory of input/output data. It involves the collection of 
the data and definition of procedures to quantify the inputs and outputs of the studied 
product system for all stages of the life cycle. Input data cover all natural resources, 
while the output data include products, co-products, waste, emissions to air, 
discharges to water and soil and other environmental exchanges (e.g. losses of heat). 
Allocation procedures1 must be considered when dealing with systems involving 
multiple products and recycling systems. Moreover, the inventory analysis is an 
iterative process: as data are collected and the system is better known, new data 
requirements or limitations may become apparent. This may require better or 
additional data to be collected or system boundaries2 to be refined; 
iii. Life Cycle Impact Assessment (LCIA): the purpose of LCIA is to provide additional 
information to help assess a product system’s LCI results so as to better understand 
their environmental significance. In the LCIA, the results of the LCI are linked to 
specific environmental impact categories. The LCIA is divided into five steps of which 
the first three are mandatory, the last two optional: 
a. impact category definition: definition of the impact categories that are addressed, 
e.g. global warming, acidification, depletion of resources; 
b. classification: assignment of inventory data to one or more impact categories , 
e.g. CO2 emissions are related to global warming, SO2 emissions are related to 
acidification and respiratory effects;  
c. characterisation: determination of the extent to which inventory data contribute to 
an environmental impact, e.g. characterisation factors to global warming of 
carbon dioxide equals 1 and of methane 25 (according to the Intergovernmental 
Panel on Climate Change for a time period of 100 years (IPCC, 2007a, p. 212)); 
d. normalisation: relating the environmental impact of a product system to the 
impact of a reference system. The average yearly impact of a European citizen is 
often used as reference basis. By doing so the contributions to the different 
environmental impact categories are expressed as a percentage of the impacts of 
the reference system, e.g. yearly average impact of a European citizen to human 
health damage equals 0,0154 DALYs3 according to Eco-Indicator 99 for the 
Hierarchist profile4 (Goedkoop & Spriensma, 2001, p. 113); 
                                                 
1 Allocation stands for the partitioning of environmental impacts between systems. 
2 System boundaries identify the extent to which specific processes and/or products are included or excluded from 
the analysis. They define and structure the product or process under assessment. 
3 DALY is the abbreviation of Disability Adjusted Life Years. In the DALY health scale, death has a disability rating 
of 1. For the calculation of the number of DALYs due to health problems, the following example is given by 
Goedkoop and Spriensma: “During a summer smog period, many people have to be treated in hospital for a 
number of days. This type of treatment in a hospital has a rating of 0,392 on the DALY scale. If the hospital 
treatment lasts 0,01 years on average (3,65 days) each case would be weighted 0,004 DALYs” (Goedkoop & 
Spriensma, 2001, p. 11). The damage model used consists of four steps. An emission is linked to a temporary 
change in concentration in the fate analysis, followed by linking this temporary concentration to a dose in the 
exposure analysis. The effect analysis links the dose to a number of health effects (e.g. the number and types of 
cancer) and the damage analysis finally links health effects to DALYs, using estimates of the number of Years 
Lived Disabled (YLD) and Years of Life Lost (YLL). Within the Eco-Indicator 99 methodology the yearly average 
impact of a European citizen is determined based on the report from Blonk et al. and updated with more recent 
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e. valuation: weighting and possibly aggregation of different damage categories 
involving subjective value judgments. After normalisation the contributions to the 
different environmental impact categories cannot be added up before defining the 
relative importance of the different impact categories, e.g. human health is 
equally important as quality of ecosystems according to Eco-Indicator 99 for the 
average profile (Goedkoop & Spriensma, 2001, p. 113).  
iv. Interpretation of the results. 
The relationship between the different phases is illustrated in Figure 03.01. The arrows in the 
figure indicate that the four phases are not independent of each other. For each stage of the 
LCA, the requirements of ISO 14044 (2006) must be applied.  
According to ISO 14040/44(2006) the calculation of one single environmental indicator within 
a comparative LCA study disclosed to the public is not allowed. Moreover to date, the 
definition of a common set of weighting factors is still under development. Even if this will be 
available in future, it is important to keep in mind that weighting factors represent subjective 
choices and can thus not be fully scientific and objective. They consist of a value judgment 
that includes the preferences of the society (or of a certain group or individual) and therefore 
differs from country to country, or even within one country. 
Further comprehensive guidelines can be found in (SETAC, 1991), (Hauschild & Wenzel, 
1998), (Wenzel, Hauschild, & Alting, 1997), (Guinée, et al., 2002) and others. 
03.02 Application and experience of LCA at the building level 
03.02.01 Specificity of buildings 
According to Ortiz, Castells and Sonneman, LCA has been used in the building sector since 
the 1990s and is an important tool for assessing buildings (2009). The state of the art is 
reported in 2003 by the Society for Environmental Toxicology and Chemistry (SETAC) in the 
document entitled “Life-Cycle Assessment in Building and Construction: A state-of-the-art 
report” (SETAC, 2003). According to this report, executing an LCA at the building level 
implies an assumption of its performance and includes all necessary material, energy and 
transportation processes. Because of the complexity of buildings and their typically relative 
long life span, applying LCA to a building is more than the addition of building materials and 
has become a distinct working area within LCA practice. The following characteristics 
moreover contribute to the need for a distinct approach (IEA, 2004d) and (SETAC, 2003): 
i. Highly multi-functional character; 
ii. Extremely long (and unknown) life expectancy; 
iii. Site specificity and local character of many of the impacts; 
iv. Creation of an indoor environment to be assessed regarding comfort and health; 
v. Many environmental impacts and changes during its use phase; 
vi. Unknown behaviour of the inhabitants; 
vii. Heterogeneous composition; 
viii. Close integration with other elements in the building environment, particularly urban 
infrastructure like roads, pipes, wires, green space and treatment facilities. 
                                                                                                                                                        
European data on emissions, radiation and land-use (Blonk, Spriensma, Goedkoop, Agterberg, Engelenburg van, 
& Blok, 1997). The life expectancy of females is assumed 82,5 years and 80 years for males based on the highest 
national life expectancy observed (Japanese women with 82 years) (Goedkoop & Spriensma, 2001, pp. 30-31). 
4 Three versions of the damage model are used – based on the Cultural Theory – in order to cope with the 
uncertainties of the modelling system. For each of the versions, another time perspective is assumed (Goedkoop 
& Spriensma, 2001): 
‐ Egalitarian: long time perspective: even a minimum of scientific proof justifies inclusion; 
‐ Individualist: short time perspective: only proven effects are included; 
‐ Hierarchist (default): balanced time perspective: consensus among scientist determines inclusion of effects. 
The yearly average impact of a European citizen to human health damage equals 0,0155 DALY according to the 
egalitarian perspective and 0,00825 according to the Individualist (Goedkoop & Spriensma, 2001, p. 120 & 127).  
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The complexity of the building as an end-product is clearly illustrated by the model generated 
by REGENER (1997). A differentiation is made between phases and processes. Phases are 
defined chronologically and have temporal system limits, while processes can occur 
simultaneously. This terminology will be further maintained in this dissertation.  
Erlandsson and Borg (2003) furthermore distinguish two approaches for LCA at the building 
level: a bottom up approach focusing on building material selection and a top down approach 
that considers the entire building as a starting point for further improvements. 
The latest milestones accomplished in LCA within the building sector have been compiled 
and reflected on by Ortiz et al. for the period 2000 to 2007 (Ortiz, Castells, & Sonnemann, 
2009). A comparison of 25 assessments revealed that these differ in the environmental loads 
considered and the functional unit chosen. Moreover, a large number of LCA studies deal 
with a specific part of the building life cycle but few of them deal with the whole life span. The 
main focus of all assessments is promoting better thermal insulation alternatives, replacing 
materials by alternatives with less environmental burdens and supporting the application of 
technologies in renewable energies. Finally, due to the significant period of occupancy, 
global warming potential – amongst others caused by heating, ventilation and air conditioning 
(HVAC) - is recognised as the greatest environmental challenge facing the built environment. 
 
Figure 03.03 Process-phase model for buildings. (REGENER, 1997, p. 15) 
Based on the above reflections it is clear that LCA studies of buildings may lead to divergent 
results and conclusions. To avoid questioning the reliability and credibility of LCA of 
buildings, conclusions must carefully be reached and transparency in reporting must be 
maintained. This can moreover be improved when reliable and standardised environmental 
data for building products will be available. However, the problem of establishing identical 
performances of a functional unit will remain unless the performance is included in the 
evaluation process. 
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03.02.02 Standardisation 
In the last couple of years, the standardisation of environmental impact assessment of 
buildings has increased. Two organisations play a major role: the International Organisation 
for Standardisation (ISO) and the European Committee for Standardisation (CEN). 
Four standards have been published recently by ISO, more specifically by the ISO Technical 
Committee (TC) 59 “Building construction” and its Subcommittee (SC) 17 “Sustainability in 
Building Construction”: 
- ISO 15392:2008: Sustainability in building construction – General principles. (ISO 
15392, 2008) As is mentioned on the website of ISO: “this standard identifies and 
establishes general principles for sustainability in building construction. It is based on 
the concept of sustainable development as it applies to the life cycle of buildings and 
other construction works, from their inception to the end of life”.  
- ISO/TS 21929-1:2006 Sustainability in building construction – Sustainability indicators 
– Part 1: Framework for development of indicators for buildings. (ISO, 2006a) The 
main purpose of this standard is to define the process to be followed when 
addressing the economic, environmental and social impacts of a building using a 
common framework and a set of indicators. 
- ISO 21930:2007 Sustainability in building construction Environmental declaration of 
building products. (ISO 21930, 2007) The standard provides the specifications and 
requirements for environmental declarations of building products (EPD)5. The main 
purpose of the EPDs is to provide information on the in- and outputs of products. 
- ISO/TS 21931-1: 2006 Sustainability in building construction – Framework for 
methods of assessment for environmental performance of construction work – Part 1: 
Buildings. (ISO, 2006b) This standard provides a framework for assessment methods 
of the environmental performance of buildings. It is intended be used in conjunction 
with, and following the principles of, the ISO 14000 series. 
The CEN TC (Technical Committee) 350 “Sustainability of construction works” is developing 
standardised methods for the assessment of the sustainability aspects of both new and 
existing constructions since May 2005. Moreover they are developing standards for the 
EPDs of construction products. To date there are three working groups and an ad-hoc task 
group: 
- TG Integrated assessment of building performance – Part 2: Framework for the 
assessment of environmental performance (CEN, 2008a) 
- WG 1: Sustainability of construction works - Assessment of environmental 
performance of buildings – Calculation methods. (CEN, 2008b) 
- WG 2: Sustainability of construction works – Building Life Cycle Description. (CEN, 
2007) 
- WG 3: Sustainability of construction works – Environmental product declarations – 
Product category rules. (CEN, 2008c) 
03.02.03 Existing tools 
In order to evaluate the current practice of LCA for buildings a number of existing 
assessment tools have been analysed as part of the research. The analysis is limited to 
LCA-based quantitative tools providing a clearly described methodology or documented in 
detail in scientific journals. Moreover, only the tools enabling an assessment at the building 
level are included in the summary. All considered tools therefore belong to level two within 
                                                 
5 EPD stands for Environmental Product Declaration and is valid for all kinds of products amongst others building 
products. 
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the ATHENA classification6 (Trusty, 2000). Many more tools however are available at the 
material level such as BEES (Lippiatt, 1999) (bees, 2009) and TEAM (Osset & Cortijo, 1997) 
(ecobilan, 2009).  
The most relevant features of the tools are compared and summarised based on information 
from literature. Since the aim is not to provide a complete overview and detailed description 
of all available tools, it only concerns a brief summary of the most important features. This 
should provide an idea of current LCA practice. Within many scientific reports a more 
extended elaboration on the different available tools is provided, amongst others REGENER 
(1997), IEA Annex 31 (IEA, 2004d) and PRESCO (Peuportier & Putzeys, 2005). 
Furthermore, there are several articles in international scientific journals elaborating on 
building environmental assessment tools by e.g. Erlandsson & Borg (2003), Forsberg & von 
Malmborg (2004) and Haapio & Viitaniemi (2008). 
The analysis reveals that it is difficult, if not impossible, to compare the available tools and 
their results (Table 03.01). They emphasise different phases of the life cycle and rely on 
different databases. The environmental impacts assessed and/or factors to weight differ for 
the different tools. Some tools are suitable for assessing both new and existing buildings, 
while others can only be used for new buildings. Most problematic however are the non-
transparency of all models since it is impossible to draw correct conclusions from black 
boxes. 
Most tools take the life span as a given without further analysis. However, this is a decisive 
parameter. The same applies to the life span of the building components and materials, so 
that a more open discussion on their reuse and recycling (within buildings or for other 
applications) should be possible.(Haapio & Viitaniemi, 2008). 
In order to improve the analysed building, it seems necessary to gain insight into the 
environmental loads of the applied materials, work sections7 and building elements8. The 
same applies to the different life phases of the building. However, it is not clear if this is 
possible within the existing tools. 
Finally, some of the tools incorporate an evaluation of the financial cost, while none include 
quality assessment. The latter however seems necessary for an integrated approach. 
Besides the above described LCA tools, qualitative tools based on rating systems are 
available too such as the DCBA-method (Duijvestein, 1997) (Vandaele, 2001) (BOOM, 
2009), GBTool (Cole, 2002), BREEAM (BRE, 2009), LEED (USGBC, 2008) and CASBEE 
(JSBC, 2006). These can be classified within level three of the ATHENA classification 
(Trusty, 2000). The two most widely adopted schemes are the UK Building Research 
Establishment Environmental Assessment Method (BREEAM) and the international 
Leadership in Energy and Environmental Design (LEED) system. 
BREEAM is the first commercially available environmental assessment tool for buildings and 
was established in 1990 in the UK (Haapio & Viitaniemi, 2008). Credits are awarded in eight 
categories according to performance. These credits are then added together to produce a 
single overall score on a scale of Pass, Good, Very Good, Excellent and Outstanding which 
is also reflected in a star rating from 1 to 5 stars. (bre, 2009)  
                                                 
6 The ATHENA institute has introduced a three-level classification system ‘Assessment Tool Typology” that 
provides a basis framework for comparing LCA tools. Level one relates to product comparison tools and 
information sources. Level two concerns whole building design or decision support tools. Level three encloses 
whole building assessment frameworks or systems. (Haapio & Viitaniemi, 2008) (Trusty) 
7 A work section is defined as “one or several physical parts of a building viewed as the result of particular skills 
and techniques applied to construction products and/or elements during the production phase“ (Crawford, Cann, 
& O'Leary, 1997, p. 83). Examples are masonry, in situ concrete, thermal insulation, windowsill and heating boiler.  
8 A building element is defined as “a major physical part or system of a building, which, in itself or in combination 
with other elements, fulfils a characteristic predominating function of the building. Elements are considered 
without regard to the type of technical solution or the method or form of construction.” (Crawford, Cann, & 
O'Leary, 1997, p. 71). Examples are floors, roofs, walls, windows and heating services. 
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Table 03.02 Adaptation of the weighing factors in BREEAM version 2006 compared to version 
2008 (Scottish Funding Council, 2008). 
 BREEAM 2006 BREEAM 2008 
management  15% 12% 
health and wellbeing  15% 15% 
energy and transport  25% - 
energy  - 19% 
transport  - 8% 
water  5% 6% 
materials & waste  10% - 
materials  - 12.5% 
waste  - 7.5% 
land use and ecology  15% 10% 
pollution  15% 10% 
The fifth level (“outstanding”) is added in the latest version (2008). BREEAM is facing 
criticism for its weak weighted ratings criteria (Kennet, 2008). With the introduction of the 
Energy Performance Certificates, for example, it appeared that a BREEAM excellent building 
(highest rate in 2006 version) at best only achieves a level C on its Energy Performance 
Certificate (EPC). BRE have addressed this by adding credits and changing the weighting 
factors, as is elaborated in Table 03.02. This illustrates the weak approach of the 
determination of the weighting factors. (Scottish Funding Council, 2008) 
The US LEED is developed by the U.S. Green Building Council (USGBC) and is a rating 
system originally composed of 69 credits (criteria) which were qualitatively analysed (LEED 
2003). Each of these provided a score of one credit if implemented. Although this seemed an 
attractive tool because of its ease of use, the outcome was questionable. For, the importance 
of the different measures (credits) was not accounted for and thus a higher score was not 
necessarily synonymous with lower impacts. A critical review of LEED 2003 is executed by 
Humbert et al. (2006) by evaluating 45 credits applied to an actual Californian office building 
based on an LCA. Based on their analysis different weights are suggested for the different 
credits. Green power for example should have a score of 606 instead of 1! Moreover, the 
overall impact of a standard office building is only reduced by less than 40% if all LEED 2003 
credits are implemented. Their analysis led to the suspicion that most of the buildings with a 
LEED 2003 “platinum” rate (highest rate), have an overall reduction of impacts of less than 
15% of the total impacts of the same building without certification. 
Within the revised version LEED 2009 the credits are extended to 100 core points and 10 
innovation bonus points, with more emphasis on water and energy. The considered 
categories with their weighting factors are summarised in Table 03.03. Four certification 
levels are defined: certified (40-49 points), silver (50-59 points), gold (60-79 points) and 
platinum (>80 points). Although the importance of the category ‘energy and atmosphere’ is 
doubled compared to the previous version and has become dominant (35%), it is still 
undervalued. Furthermore 26% of the points are assigned to ‘sustainable sites’ consisting of 
aspects the architect cannot decide on. 
Table 03.03 LEED 2009: distribution of the points. 
category LEED 2009 
sustainable sites 26% 
water efficiency 10% 
energy and atmosphere 35% 
material and resources 14% 
indoor air quality 15% 
Although qualitative tools can contribute in evolving towards a more sustainable building 
sector, the above mentioned considerations clarify the choice for an LCA based quantitative 
approach within this research. 
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03.03 Assessment options within this research 
In this section the assessment method of this research is elaborated as transparently as 
possible in order to enable a correct interpretation of the results. It only concerns the 
elaboration of those aspects which are specifically necessary for the environmental 
assessment. The assessment of the financial cost, the quality and the optimisation procedure 
is described in the respective chapters. The shared aspects for the assessment of 
environmental impact and financial cost are elaborated in chapter 06. 
03.03.01 LCI – Life cycle Inventory 
In the long run, EPDs (see section 03.02.02) will be the main source for the environmental 
data of building products. To date, these data are still lacking and since it is impossible to 
execute an LCI of every single material and process of the building, existing data and 
databases are used.  
During the past 10 years many databases have been developed to classify LCI data and to 
make them commercially and/or publicly available, of which a number are investigated for 
use within this research based on the following criteria:  
- Age of data 
- Inclusion of building materials 
- Data specific for the Belgian context 
- Data relevant for Western-Europe 
- Type of data: average or product specific 
- Info available about the uncertainty of data 
Information is gained through different sources such as (REGENER, 1997), (Sidoroff, 2004), 
(Curran, 2006) and (Pré Consultants, 2009b). 
Based on the above criteria, the Swiss ecoinvent database (ecoinvent, 2009) is selected as 
the main database to be used within this research. It is not only one of the most complete 
databases (3500 processes) for the European context, but it is also widely accepted as one 
of the most reliable ones and is updated frequently9. Version v2.1 is used within this 
research. 
Rydh and Sun (2005) proposed to identify classes of materials as a first estimate instead of 
determining the LCI of every single material. Their proposal resulted in 17 groups in which 
average values represent weighted environmental impact with an average standard deviation 
of 22%. Although their approach proposes to cover the problem of the limited amount of 
information in the early design phase, it is in this PhD research applied to materials for which 
LCI data are lacking, meaning that the most representative ecoinvent record is chosen. The 
environmental impacts per kg of material are however multiplied with the correct density of 
the specific material. Furthermore, other databases are consulted if these provide more 
reliable data than the records available within ecoinvent. The databases used in order of 
priority are: IDEMAT, IVAM and INIES. 
IDEMAT (idemat, 2009) focuses very much on the production of materials. The data are 
mostly original (not taken from other LCI databases) and are derived from a wide variety of 
sources. Since the IDEMAT database is not up-to-date for the generic processes energy and 
transport, it is not suited for use in this research. However, it is used for the LCI of the 
production of specific building products and specific maintenance products for which no data 
are available within ecoinvent. 
                                                 
9 As mentioned on the ecoinvent website: “the database is used by more than 1500 users in more than 40 
countries worldwide and is included in the leading LCA software tools as well as in various eco-design tools for 
building and construction, waste management or product design”. (ecoinvent, 2009) 
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The IVAM database (ivam, 2009) consists of about 1350 processes, leading to more than 
350 materials. The focus is on materials, transport, energy and waste treatments. Data are 
mostly focused on the Dutch context. Although this database contains many data, ecoinvent 
is more up-to-date and seems more widely accepted in Europe. If data about the production 
of specific building materials, products or maintenance products are lacking in ecoinvent 
however, IVAM would be consulted. 
The INIES (inies, 2009) database is comparable to the NIBE10 (NL) database since it also 
contains data about the health aspects during use of the building materials but is more 
transparent. However, the functional unit in INIES is a work section. As a consequence, only 
predefined work sections are available making it impossible to analyse other alternatives. 
Therefore this database cannot be used within this research, although it is consulted to 
check certain data within the ecoinvent database. 
All emissions, including the process emissions, are considered during the LCI. Many LCA 
studies are limited to energy need or CO2 emissions. However, the aim is to strive for an 
assessment as complete as possible. Moreover previous studies in the building sector 
proved that process emissions are not negligible. As stated in the third party report of the 
ArDuCoKlei project by VITO concerning clay roof tiles, facing bricks and clay blocks: “The 
non-inclusion of process emissions from the chimney thus leads to a significant 
underestimation on the part of the Ecoinvent data.” (Spirinckx, Vercalsteren, Geerken, & 
Stessens, 2008, p. 24). Also for photovoltaic cells for example the same conclusion is made 
by Jungbluth et al. (2005, p. 30) as they state: “the analysis of the environmental impacts 
with different LCIA methods shows that it is quite important to include process-specific 
emissions of the production chain.”  
Since the ecoinvent database contains Swiss data (valid for the European context), the data 
are adapted to obtain more representative datasets for the Belgian context. This consists of 
replacing the Swiss/German electricity mix and transport processes in the data records by 
the average European mix and transport processes. The European corresponding processes 
are chosen since the building materials used in the Belgian context are produced all over 
Europe. Since the adaptations of the records are time-consuming, these are limited to the 
first level, meaning that only the electricity that is needed directly to produce the respective 
materials (virgin ecoinvent records) is changed into an average European mix. The electricity 
for all the upstream processes has remained unchanged. The difference between a first and 
second level adaptation at some random data records (15) indicates that the effect on a 
single environmental impact score (eco-indicator 99) never exceeds 10%. Therefore a first 
level adaptation seems justified.11 
Moreover, two more adaptations are made within an iterative implementation process. It 
concerns the adaptation of the ecoinvent records for imported materials and the passenger 
car records.  
IMPORT OF MATERIALS 
The ecoinvent records for the production of materials concern cradle to gate data. The in- 
and outputs due to the extraction of resources, transport of these to the production site and 
the production of the materials are included. Most of the production sites are located in 
Switzerland (or Europe).  
                                                 
10 NIBE is the abbreviation of “Nederlands Instituut voor Bouwbiologie en Ecologie”, which can be translated as 
“Dutch Institute for Building biology and Ecology“. One of their publications is “NIBE’s Basiswerk 
Milieuclassificaties Bouwproducten” (NIBE’s basic work environmental classifications of building products) which 
provides a ranking of work section alternatives according to their environmental impact including health effects 
(Haas, Abrahams, & Groot de, 2006a), (Haas, Abrahams, & Groot de, 2006b), (Haas, Abrahams, & Verhees, 
2008), (Haas & Groot de, 2009). 
11 The database adjustments are made by VITO in the SuFiQuaD project. 
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Import of building materials however is common practice to date and the environmental 
impact due to transport of these materials is investigated for two frequently imported 
materials in the current Belgian building sector, namely wood and blue stone. The former is 
imported because of resource availability, the latter because of the lower labour cost in Asia. 
For both blue stone and wood a detailed study about the origin of the materials is executed 
by BBRI within the context of the SuFiQuaD project and used within this PhD research 
(Trigaux, et al., 2009). Information is not only gathered on the origin of timber and blue stone, 
but also on transport distances and transport means. Furthermore, the environmental 
impacts associated with these transports are modelled. The results are summarised in the 
graph below for hardwood and blue stone. For hardwood a distinction is made between 
native wood, a typical Belgian mix and imported wood, while for blue stone native extraction 
and imported blue stone from Asia12 are compared. As can be seen from the figure the 
impact of transport is limited. Transport of hardwood is responsible for 20% of the 
environmental impact, while it represents 11% for a typical Belgian mix. Transport of blue 
stone is responsible for 11% of the environmental impact.  
Transport from the production to the construction site is modelled separately, both for locally 
produced and imported materials. (see chapter 06) 
 
Figure 03.04 Comparison of the environmental impact of native and imported hardwood 
and blue stone, differentiating between production and transport phase. 
PASSENGER TRANSPORT 
A literature study reveals that some of the average commuter transport is executed with one 
person in a car, and some as a car passenger (assuming at least two persons in a car). The 
ecoinvent record “passenger car_RER” assumes an average load of 1,6 persons per car 
(Spielmann, Bauer, Dones, & Jungbluth, 2007) and thus with this record the above 
differentiation cannot be modelled. Therefore, new transport records are defined based on a 
seat occupancy of 1 and 2 persons respectively. 
03.03.02 Allocation procedures 
Clearly stated allocation procedures are needed for the end-of-life treatment (EOL) and vary 
from cut-off of waste and recycling processes to a full assessment. In this research both the 
environmental impacts as well as the environmental benefits related to the end-of-life 
treatment are allocated to the analysed building.  
                                                 
12 The blue stone extracted in Asia is modelled by changing the European electricity mix for the extraction process 
by the Japanese electricity mix, which is the best available approximation for the Asian electricity mix. 
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Figure 03.05 System boundaries EOL treatment processes (Trigaux, et al., 2009, p. 44) 
For the recycling process the impacts and the benefits of the recycling process are 
considered. The impacts are related to the energy that is needed for the recycling process 
and the emissions caused. The benefits are related to the release of recycled materials, and 
thus to the avoided production of virgin material. To calculate the avoided emissions related 
to the virgin materials the ecoinvent database is used. However the emissions and resource 
demand caused by the infrastructure of the virgin materials producing plant are excluded. To 
avoid double counting, neither impacts nor credits are assigned to the use of recycled 
materials within the analysed dwelling. This approach is illustrated in Figure 03.05. 
The implementation of the above approach requires two more adaptations of the inventory 
data. It concerns the adaptation of the ecoinvent records for recycling of materials and 
alteration of the biogenic CO2 uptake and release of wood and wood-related products. 
RECYCLING 
Ecoinvent provides generic records for the recycling of materials. It is noticed that for many 
materials, the use of these in combination with specific material production records leads to a 
larger environmental benefit than the burden due to the production of the materials. This is 
due to the fact that the generic records assume the avoidance of a material with a higher 
polluting production process than the specific material. Aluminium window frames, for 
instance, are constituted of “aluminium alloy_AlMg3”, while the generic record for recycling of 
aluminium assumes the avoided production of primary aluminium. 
Therefore, the generic ecoinvent records for recycling processes are replaced by specific 
modelling of each recycled material. Within the modelling there are three possibilities: 
i. the production of the original virgin material is avoided, assuming that the recycled 
material has approximately the same quality and identical performance as the original 
material (e.g. cast iron radiator); 
ii. the production of the same material but with a lower quality and performance is 
avoided (e.g. brick into gravel); 
iii. the material that is recycled does not lead to an avoided production (e.g. paint on 
window). 
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To illustrate the improvement, the results are shown for some of the materials for which 
unrealistic results occurred (Figure 03.06). The damage for the production and EOL 
treatment are determined whereby the damage to the EOL treatment is calculated according 
to the two approaches. Although the impact assessment method is not described until 
chapter 04, the graph clearly illustrates the importance of the method improvement. 
 
Figure 03.06 Comparison of the environmental impact of the EOL processes in relation to 
the production phase for generic and specific processes. 
WOOD 
The above procedure however requires an adaptation of the modelling of wood, more 
specifically of the biogenic CO2 emissions due to production, incineration, recycling and re-
use of wood and wood-related products. 
The calculation of CO2 equivalents, using the CML method (see chapter 04), for the 
production of wood and for incineration deals with biogenic carbon uptake and release as 
follows: 
i. uptake of biogenic CO2 at the beginning of the life cycle and more specifically during 
growth of the trees for timber products;  
ii. release of biogenic CO2 at the end of life treatment (incineration).  
The recycling process of wood results in a negative impact (positive effect) since the amount 
of avoided production of wood (and thus avoided uptake of CO2) is smaller than the 
necessary extra wood chips (uptake of CO2) which are assumed within the ecoinvent record 
to recycle the wood for new applications. Recycling of wood thus results in a positive effect.  
Within the EOL treatment scenario (see chapter 06) it is assumed (based on a survey, see 
section 03.03.03) that more than half of the wood is recycled. Therefore, the EOL treatment 
of wood leads to a positive effect. 
As a consequence, if the life span of wood products is equal to the life span of the building 
and replacements are thus not needed, then this positive effect of EOL treatment will only 
occur at the end of the life span of the dwelling. However, if a shorter life span of the wood 
products is assumed and thus replacement of the wood products is needed, this will induce 
an environmental benefit at each moment of replacement. The more replacements the 
greater the positive effect is.  
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Because of the above reasoning, the wood and wood-related products; and products based 
on biological substances are assumed to be CO2-neutral. This means that for modelling the 
life cycle of those products both the uptake - during growth - and the release of biogenic CO2 
and CO - at the EOL - are ignored. The fossil CO2 emissions, e.g. due to cutting or transport, 
are considered. 
03.03.03 Transport and EOL scenarios 
TRANSPORT TO THE CONSTRUCTION SITE 
The distances covered and the means of transporting the building materials to the 
construction site are determined through a limited survey executed by the Belgian Building 
Research Institute (BBRI) since other data are lacking. In this survey (to date not yet 
published), contractors, producers and dealers of construction products are questioned about 
the transportation distance, means and load percentage for different predefined categories of 
building materials13. A differentiation is made between direct transport from the factory to the 
building site and indirect transport via a material supplier. For each material a category from 
the inquiry is assigned in order to determine its external cost for transportation. Although this 
is a simplification of reality, it is seen as a first approximation which enables the importance 
of transport of building materials in the life cycle environmental impact to be determined. 
TRANSPORT TO THE EOL TREATMENT AND EOL SCENARIOS 
The environmental impact due to demolition is simplified as one process (inventory data per 
kg of demolished material). No distinction between materials is made since energy use is 
assumed to be the main impact cause and to be proportional to the material weight. 
For the environmental impact of transport to the EOL treatment and the EOL treatment the 
same approach is used as for transport from the factory to the building site. The distances 
covered and the means of transporting the building materials to the EOL treatment and EOL 
scenarios14 are determined through a limited survey executed by the BBRI. In this survey (to 
date not yet published), a differentiation is made between direct transport from the building 
site to the EOL treatment and transport via a sorting company. This inquiry is again done for 
a number of predefined building material categories15. A category from the inquiry is 
assigned to each material in order to determine its environmental impact for transportation 
and EOL treatment. Although this is a simplification of reality, it is seen as a first 
approximation which enables the importance of transport to EOL and EOL in the life cycle 
environmental impact to be determined. The data gathering implies that the EOL treatment 
scenarios are based on current practice. 
03.03.04 LCIA – Life Cycle Impact Assessment 
IMPACT CATEGORY DEFINITION 
The most appropriate life cycle impact categories have been discussed in various forums. 
Although an LCIA framework of “default” impact categories does not exist. (Bare & Gloria, 
2008), the general categories to be considered include resource use, human health and 
ecological consequences.(Jönsson, 2000b). According to Bare & Gloria (2008, pp. 1030, 
1031), a fourth should be added, namely effects on man-made environment, which they 
define as “the synthesized or built environment by humans, items that are produced, best 
described by examples of buildings and food crops, and also the less tangible items of 
financial and cultural values.” 
                                                 
13 The material categories are bulk materials, prefab products, loose products, floor finishes, plaster, paint and 
varnish, and fixed parts. 
14 The EOL scenarios comprise assumptions about percentage of sorted and un-sorted waste and percentages of 
landfill, incineration, re-use and recycling.  
15 The categories are: inert waste, plastics, broken wood waste, un-broken wood waste, small dangerous waste, 
earth, asbestos cement, metals, glass, paper and carton, non-recyclable and non-reusable waste, insulation and 
other waste fractions. 
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Each of the above mentioned categories can be subdivided into different sub-aspects, of 
which the most broadly recognised and of importance within the building sector are 
mentioned in the subsequent paragraphs. These however do not elaborate on the approach 
needed to determine the relation between an emission and its impacts. The latter is further 
discussed in chapter 04 (page 49). However, it is important to mention that concentration 
(dispersion) and exposure are both determining aspects for the impact. 
i. Global warming 
Global warming is thought to be a direct response to the increasing concentrations of 
greenhouse gases in our atmosphere. As defined by the IPCC a greenhouse gas is “a 
gas that absorbs radiation at specific wavelengths within the spectrum of radiation 
(infrared radiation) emitted by the Earth’s surface and by clouds. The gas in turn 
emits infrared radiation from a level where the temperature is colder than the surface. 
The net effect is a local trapping of part of the absorbed energy and a tendency to 
warm the planetary surface” (IPCC, 1995, p. 18). The primary greenhouse gases in 
the Earth’s atmosphere are water vapour (H2O), carbon dioxide (CO2), methane 
(CH4), nitrous oxide (N2O) and ozone (O3). According to the IPCC, “Most of the 
observed increase in global average temperatures since the mid-20th century is very 
likely16 due to the observed increase in anthropogenic greenhouse gas 
concentrations” (IPCC, 2007b, p. 10). The consequences within this century for 
humans and the environment are temperature rise with 1,1 to 6,4 °C, increase and 
decrease of rainfall (dependent on the region) and raising of the sea level of 18 to 59 
cm (Brouwers, et al., 2008). Greenhouse gasses are released from most industrial 
processes, primarily as a result of burning fossil fuels. 
ii. Ozone layer depletion 
The ozone layer in the stratosphere protects the earth surface against harmful 
ultraviolet radiation (UV) from the sun. It is suspected that an increased UV-radiation 
due to ozone depletion is dangerous for people (skin cancer), causes damage to 
plants and leads to the reduction of plankton in the oceans. Destruction of ozone is 
caused by atomic chlorine and bromine, which are formed through the emission of 
chlorinated fluorocarbon (CFC) compounds (freons) and bromofluorocarbon 
compounds (halons). The depletion of ozone is caused by nature through for example 
volcanic eruptions. However, the use of different applications by human kind also 
contributes to ozone depletion. The most important applications in the building sector 
are refrigerants, disinfectants and solvents (Beheydt, Polders, De Backer, & Hooste 
van, 2007). 
iii. Acidification 
Uncontaminated clouds and rainwater have a pH of 5,65. Acidification has occurred 
when the pH decreases below 5,65. As a consequence the soil and surface water are 
acidified. Human activities, mainly cattle breeding and burning fossil fuels, disturb the 
balance by emitting sulphur dioxide, nitric oxides and ammonia. The release of 
hydrogen chloride leads to acidification. Acidification has a negative effect on 
biodiversity and inhalation of acid compounds and intake of contaminated 
groundwater can lead to health problems for humans. Moreover it leads to the 
corrosion of metals and an increased deterioration of buildings (Van Avermaet & Van 
Hooste, 2006) (Berge, 2000). 
iv. Eutrophication 
Eutropication is an increase in the concentration of chemical nutrients (containing 
nitrogen, phosphorus and potassium) in soil, water and air to an extent that disturbs 
the natural cycles. Eutrophication is caused by the use of fertilizers, effluent water 
drainage, combustion processes (most critical in the building industry) and landfill of 
household waste and water purification silt. 
                                                 
16 IPCC assigns a probability of 90%. 
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Eutrophication can have local, regional and global consequences. Locally, it may lead 
to contamination of drinking water, decrease of biodiversity and qualitative decrease 
of food-plants. On the regional scale, it has a negative effect on life in water: algae 
develop explosively causing less light in water and some anaerobic bacteria become 
more active. As a consequence some fish and other organisms cannot stay alive. 
Globally, it increases the emission of N2O (laughing-gas), an important greenhouse 
gas (Overloop, et al., 2009). 
v. Photochemical oxidation and organic compounds in the air 
Photochemical air contamination (summer smog) is the presence of chemical 
substances in the air such as ozone (O3), peroxyacetylnitrate, nitrogen dioxide (NO2), 
hydrogen peroxide (H2O2) and other substances with oxidising properties. These 
substances are formed on warm days when nitrogen oxides (NOx) and non-methane 
volatile organic compounds (NMVOC) are subjected to sunlight. NOx and NMVOC are 
also called “precursors” of photochemical air contamination (or ozone precursors). 
Ozone is the representative substance for photochemical air contamination in the 
troposphere and is harmful for humans, plants and materials. The potential of a 
product to produce low ozone is referred to as its ‘photochemical ozone creation 
potential (POCP)’. Ozone can lead to respiratory problems, cause a reduction of the 
stress resistance of crops and to a degradation of some materials. Ozone is also one 
of the gases contributing to global warming. Exhaust emissions of traffic are mainly 
responsible for the emission of these ozone precursors, but also industry (process 
emissions), many combustion processes; the energy sector and industrial and 
household use of solvents (amongst others paints, grease and stain removers) 
contribute to the emission (Dumont, Fierens, Vandermeiren, & De Geest, 2007). 
Many other volatile organic compounds (VOCs) also have a negative effect on human 
health including irritation of mucous membranes (mostly of the eyes, nose, and 
throat) and long-term toxic reactions of various kinds (Jönsson, 2000a). Common 
VOCs are toluene, xylene, n-alkanes, terpenes, butanols, octanols, glycol ethers, 
texanol, and texanol-diisobutyrate (TXIB) (Jönsson, 2000a). 
vi. Toxic emissions 
As stated by Berge (2000), toxic emissions are substances that are heavily 
decomposable and/or bio-accumulative, which means that they concentrate 
themselves within nutrient chains. Two types need to be considered: heavy metals 
and organic emissions. They are spread by air to the most remote places and are in 
the process of becoming concentrated in ground water in highly-populated areas. 
Many of them are assumed to have environmentally dangerous side effects.  
vii. Radioactive effects (ionising radiation) 
Human kind is continuously exposed to many sources of ionising radiation. Some of 
these have a natural origin such as cosmic radiation and the presence of natural 
radioactive particles in the environment. Others however are the result of human 
activity. The average dose for Flanders in 2006 is estimated at 4,1 mSv/year of which 
2,1 mSv/year are from natural origin and 2,0 mSv/year from human activity. Only two 
sources are responsible for 75% of this exposure, namely medical appliances and the 
natural radioactive inert gas radon emitted from soil and building materials (and 
building waste) (Vanmarcke, Bosmans, Eggermont, & Brouwers, 2007). The average 
radon concentration in dwellings in Flanders equals 35 Bq/m³, of which 12 Bq/m³ 
comes from the soil, 15 Bq/m³ from the building materials and 8 Bq/m³ from the open 
air (Vanmarcke, Bosmans, Eggermont, & Brouwers, 2007, p. 15). Although not 
assessed within LCA, there is also the risk of an accidental exposure by for example 
an accident in a nuclear power station.  
viii. Winter smog and inorganic compounds in the air 
Winter smog is air pollution by the presence of a mix of chemical compounds in the 
air of which the most important substances are sulphur dioxide (SO2) and fine 
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particles. Sulphur dioxide is mainly emitted by the combustion of sulphur-carrying 
fuels (industry), while fine dust is emitted by the combustion of fossil fuels (traffic, 
industry and households). Winter smog may cause respiratory problems, heart 
complaints and a reduced well-being due to a reduced functioning of the lungs. (tigch, 
2009) 
ix. Carcinogens 
Carcinogens are substances, including radionuclides or radiation, which contribute to 
the exacerbation of cancer or increase its propagation. Several radioactive 
substances are considered carcinogens but are not discussed here since these are 
already described within the radioactive effects (see vii). Common examples of 
carcinogens are inhaled asbestos, certain dioxins, and tobacco smoke. Furthermore, 
reactive aldehydes are recognised as carcinogenic, amongst others formaldehyde - 
which is used in embalming and making plastics. Vinyl chloride, from which PVC is 
manufactured, is another example of a carcinogen.  
x. Depletion of resources 
Depletion occurs when extraction exceeds growth. This can either be due to technical 
or economic reasons (Dobbelsteen van den, 2004). A distinction needs to be made 
between minerals (such as metals and stony materials), biotic resources (organic 
materials and fossil fuels) and freshwater.  
From some minerals metals can be extracted. Bauxite is an example which is the 
most common ore from which aluminium is extracted. As illustrated in Table 03.04, 
some metals are close to depletion (Berge, 2000). 
Table 03.04 Existence of metals and remaining potential (Dobbelsteen van den, 2004, p. 
45) and (Berge, 2000, p. 73) based on(Crawson, 1992) and(Meadows, Meadows, & 
Randers, 1992). 
metal presence in the earth crust remaining years (from 1992)17 
iron 5,82% 119 
aluminium 8,3% 220 
copper 0,0063% 36 
zinc 0,0094% 21 
The most important non-metallic minerals, besides stones, in the building sector are 
lime and quartz. Lime is needed for the production of lime binders and cements and 
is an important ingredient in glass. Moreover, in the production of aluminium from 
nephelin, a great deal of lime is used, forming Portland cement as a by-product. 
Quartz is the main constituent of glass and silica and an important ingredient in 
Portland cement. In Table 03.05 an overview is given of the most common 
applications of non-metallic minerals in the building industry. 
Although the earth crust consists of many varieties of stony materials and thus 
depletion will not be reached soon on a global scale, regional depletion is more likely 
depending on the local availability. A differentiation is made between loose stones 
and quarry stone. In the building sector, stones are used in the form of blocks, cut 
slabs or sheets, slate or crushed stone. 
Coal, crude oil and natural gas are fossil fuels. The demand has increased 
enormously since the Industrial Revolution. In Table 03.06 an overview is given of the 
fossil fuel reserves and remaining potential estimated at the end of 2008 (BP, 2009). 
Moreover, Noam Lior points out that “an interesting global phenomenon is that 
despite the rise in consumption of fossil fuels, the quantities of proven reserves rises 
with time too, where the resources/production (R/P) ratio has remained nearly 
constant for decades, at R/P = 40 for oil, 60 for gas and about 150 for coal” (Lior, 
                                                 
17 The remaining years (from 1992), mentioned in table 03.03, are based on current statistical predictions which 
do not take into account a possible increase in the consumption of metals.  
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2008, p. 846). There will thus probably be sufficient oil and gas for this century and 
coal for two or more. 
Table 03.05 Non-metallic minerals in the building industry (Berge, 2000, p. 82).18 
Mineral Areas of use 
Anhydrite, CaSO4 Renders, mortars, binders on building 
sites 
Borax, Na2B4O7.10H2O Impregnation, fire retardant 
Boric acid, B(OH)3 Impregnation, fire retardant 
Dolomite, CaMg(CO3)2 Filler in plastics and paints, production of 
magnesium oxide (MgO), glass and 
fibreglass 
Gypsum, CaSO4.2H2O Portland cement, gypsum cement 
Graphite, C Additive in sulphur concrete, oven lining, 
absorption layer for solar energy 
Limestone, CaCO3 Cements, binder, constituent in rock wool, 
mineral paints, ingredient in boards, filler, 
varnish and paint, glass and fibreglass, 
source of slag in the metal industries 
Potassium chloride/sylvite, KCl Used to obtain potash and soda for the 
production of glass 
Various calcium silicate minerals Glass and glazing on ceramics 
Kaolin,Al2Si2O5(OH)4 Filler in plastics and paint 
Magnesium oxide/periclase, MgO Cement floor covering 
Montmorillonite, Al4Si8O20(OH)4+H2O Waterproofing 
Sodium chloride/halite, NaCl Soda for the production of glass and 
waterglass, base for hydrochloric acid 
used in the plastics industry 
Olivine, (Mg, Fe)Si2O4 Moulds for casting, filler in plastics 
Silicon, SiO2: as quartz Glass, Portland cement, glass wool, rock 
wool, surface finish o roofing felt, 
aggregate, bricks, filler I paint and plastics 
Silicon, SiO2, as fossil meal Pozzolana, thermal insulation, filler 
Silicon, SiO2, as perlite Expanded for thermal insulation 
Mica, different types Fireproof glass (as in stove windows), 
expands to become vermiculite 
Sulphur, S Constituent in concrete and render 
Talc, Mg3Si4O10(OH)2 Filler in plastic materials 
Barite, BaSO4 Colour pigment (lithopone) 
Ilmenite, FeTiO3 Colour pigment (titanium white), filler 
                                                 
18 The table in the original source (Berge, 2000, p. 82) also mentions asbestos (Mg3Si2O5(OH)4) as a non-metallic 
mineral occurring in thermal insulation, reinforcement in concrete, render, mortars, plaster and plastics. Since it is 
prohibited in Belgium since 1998 and in Europe since 2005, it is excluded in the summary in table 03.04. 
(ETERNIT, 2010) 
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Table 03.06 Fossil fuel reserves and remaining potential based on (BP, 2009). 
fuel estimated reserves 
(2008) 
remaining years  
(from 2009) 
coal 826.000 x 106 tons 122 
mineral oil 3 - 1.258 x 109 barrels 42 
natural gas 185.020 x 109 m³ 63,1 
Timber 
Depletion of timber occurs if timber is extracted at a faster rate than it can grow. 
Certification by the internationally recognised Forest Stewardship Council (FSC)19 
distinguishes clearly between sustainable and unsustainable timber. Andy van den 
Dobbelsteen mentions that “when realising that, over the last many years, the decline 
in forested area has been constant, depletion of tropical timber found naturally may 
be expected shortly after 2030” (Dobbelsteen van den, 2004, p. 46). 
Freshwater 
Water is needed for all life and is one of the constituents of many materials. The 
quality of water is important, not only for drinking, but also when used for the 
production of materials. The world population is growing faster than the freshwater 
resources can. Freshwater can thus be considered to be depleting on a global scale 
(Dobbelsteen van den, 2004).  
xi. Land use 
Land use and land transformation have a major (positive or negative) impact on the 
occurrence of species numbers on the occupied or converted land itself, but also 
includes a regional effect on ecosystems in natural areas outside the occupied or 
converted area. 
EXISTING IMPACT ASSESSMENT METHODS 
A literature study reveals that many impact assessments are currently in use in Europe, a.o. 
(Pré Consultants, 2009a), (Hischier & Weidema, 2009), (Bare & Gloria, 2008), (Jolliet, et al., 
2003). A differentiation is made between midpoint and endpoint approaches of which the 
most widely accepted (not exhaustive) are listed below. Midpoint indicators are located on an 
intermediate position on the cause-effect chain between the LCI data and the damage (or 
endpoint)20. Both midpoint and endpoint level indicators have merits and limitations. While 
midpoint indicators are more certain, they have a lower relevance for decision support than 
endpoint indicators (Bare, Hofstetter, Pennington, & Udo de Haes, 2000).  
i. Midpoint: 
a. impact 2002 (Switzerland): human toxicity, aquatic ecotoxicity and terrestrial 
ecotoxicity (Risk and Impact Modeling: IMPACT 2002, 2009) 
b. CML 2001 (The Netherlands): abiotic depletion (kg SB eq), global warming 
potential (kg CO2 eq), ozone layer depletion (kg CFC-11 eq), human toxicity (kg 
1,4 DB eq), fresh water aquatic ecotoxicity (kg 1,4 DB eq), marine aquatic 
ecotoxicity (kg 1,4 DB eq), terrestrial toxicity (kg 1,4 DB eq), photochemical 
oxidation (kg C2H2 eq), acidification (kg SO2 eq), eutrophication (kg PO4 eq) 
(Universiteit Leiden) 
c. EDIP 2003 (Denmark): global warming potential (g CO2), ozone layer depletion (g 
CFC-11), acidification (g SO2), eutrophication (g NO3), photochemical smog (g 
                                                 
19 FSC is an independent, non-governmental, not-for-profit organisation established to promote the responsible 
management of the world’s forests. FSC is a certification system that provides internationally recognised 
standard-setting, trademark assurance and accreditation services to companies, organisations, and communities 
interested in responsible forestry. (Forest Stewardship Council) 
20 Examples of midpoints include stratospheric ozone protection, global climate protection, smog formation, 
acidification, and eutrophication. Examples of endpoints are skin cancers, cataracts, malaria and loss of 
biodiversity (Bare & Gloria, 2008). 
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C2H2), ecotoxicity water chronic (m3), ecotoxicity water acute (m3), ecotoxicity soil 
chronic (m3), human toxicity air (m3), human toxicity water (m3), human toxicity 
soil (m3), bulk waste (kg), hazardous waste (kg), radioactive waste (kg), 
slag/ashes (kg) and resources (all) (kg).  
ii. Endpoint: 
a. EPS 2000 (Sweden): human health, ecosystem production capacity, abiotic stock 
resource, biodiversity and cultural and recreational values (Steen, 1999) 
b. Eco-indicator 99 (The Netherlands): human health, quality of ecosystems and 
depletion of resources (Goedkoop & Spriensma, 2001) 
c. Ecological scarcity 2006 (Switzerland): emissions to air, surface water, ground 
water and top soil, energy and natural resources, deposited waste (Frischknecht, 
Steiner, & Jungbluth, 2009) 
d. ExternE (EU): global warming, human health, effects on crops and materials 
(Bickel & Friedrich, 2005) 
Within the endpoint methodologies a differentiation can be made between methods 
expressing the damage in ecopoints (eco-indicator 99, ecological scarcity 2006) and 
monetary value (EPS 2000, ExternE). Moreover, a method such as impact 2002+ combines 
a midpoint and endpoint approach, linking 14 midpoint categories to four damage categories 
in order to combine the above mentioned strengths of the two approaches (Jolliet, et al., 
2003). 
IMPACT ASSESSMENT METHOD WITHIN THIS RESEARCH 
The above summary provides an overview of the damages considered by the most widely 
used LCIA methods. Moreover, it illustrates the debate between endpoint and midpoint 
approaches, more specifically the struggle between certainty and decision supporting 
capacity. 
In this research as many impacts as possible are considered in order to assess the 
environmental dimension in a comprehensive way. Moreover, an investigation of many 
damages (11) due to the production process of frequently used building materials (24) and 
energy and transport processes (26) clarifies that a fair comparison can only be made when 
all damages are considered. This is further elaborated in the next chapter. 
An endpoint approach is chosen since the aim is to make straightforward decisions and 
support decision makers to incorporate environmental impact considerations. It is decided to 
express the damage in a single number in order to make the method operative for the 
designers. Current architectural practice reveals that it is unrealistic to assume that a 
designer, who already has many technical considerations to make, would be able to handle 
several different impact numbers. However, the designer should have the possibility to 
choose the degree of detail in the information and therefore transparency in the different 
impacts is maintained. 
Furthermore it has been decided to express the environmental impact in monetary values in 
order to improve comprehensibility21. This is not only important for the designers (first 
objective), but also to reach the broad number of stakeholders in the building sector (second 
objective). Expressing environmental impacts and financial costs in the same unit also 
enables an easily-made meaningful comparison. Moreover, it fits well in the economic-based 
analysis using the Pareto approach. An extra advantage is that the addition of financial cost 
and environmental impact leads to a reduced set of priorities within the optimisation 
procedure. This is further elaborated in chapter 08.   
The above considerations resulted in a combination of existing methods for the LCIA and can 
therefore be called a ‘hybrid’ method. It is elaborated in detail in chapter 04. 
                                                 
21 Everyone understands the value of one euro, while, for example, ecopoints are more difficult to conceive. 
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03.04 Uncertainty 
03.04.01 Definition and state-of-the-art 
According to Chouquet et al. (2007, p. 1) “uncertainty analysis is the study for the uncertain 
aspects of a model and their influence on the model’s results”. Uncertainty in LCA models of 
buildings is due to data quality, errors in building description, estimation of building life span 
and building element life cycles, assumptions of building operation activities and 
uncertainties in the impact assessment method (Lenzen, 2006). Despite the general 
agreement that the quality and robustness of the results of an LCA are an indispensable part 
of the decision-support, many LCA studies do not perform uncertainty calculations (Heijungs 
& Frischknecht, 2005). The main reason is a lack of consensus about methodology and 
quantification of overall uncertainties is being further developed in current research 
(Björkland, 2002), (Verbeeck, 2007). 
Björkland (2002) provides an overview of a number of applied tools and approaches (18) to 
address different types of uncertainty in LCA (11) focusing on the inventory phase. While 
uncertainty-importance analysis is mentioned as a screening method to identify the key 
issues to focus on, sensitivity analysis by scenario modelling is recommended to be 
performed to illustrate the influence of methodological choices such as system boundaries, 
allocation methods, technology level and the influence of use of marginal or average data. 
Uncertainty-importance analysis needs to be executed in order to investigate the contribution 
of the uncertainty of different parameters to the total uncertainty of the result. A single datum 
or value can have a great uncertainty even if its contribution to the uncertainty of the overall 
result could be insignificant. This is further elaborated in literature, amongst others by 
Chouquet, Kohler and Bodin (2007). 
Sensitivity analysis by scenario modelling involves calculation of different scenarios to 
analyse the influence of discrete input parameters on either output parameter values or 
priorities. The drawbacks of sensitivity analysis are the labour intensive effort required to 
analyse all parameters, potential synergisms are overlooked and relative probability is not 
directly considered (Björkland, 2002) (Chouquet, Kohler, & Bodin, 2007). 
03.04.02 Addressing uncertainty within this research 
Within this research, uncertainty is addressed in different ways. To minimize the errors in 
building description in terms of incompleteness and inaccuracy, the element method is 
applied (see chapter 06). 
Data quality is strived for by using the peer-reviewed ecoinvent database and by adapting it 
to the Belgian context (representativeness), which is elaborated in detail in section 03.03.01. 
However, uncertainty of the inventory data is not analysed. Ecoinvent does provide 
uncertainty information, but analysis of cumulative uncertainty due to combination of 
inventory data of the applied building materials and processes is beyond the time constraints 
of this research. However, it is important to understand that the inventory data can be 
interpreted as the ‘best guess’ and usually equals a mean (or sometimes average) value. 
Moreover, ecoinvent assumes a lognormal distribution of these data, which is characterised 
by a standard deviation22. As mentioned by Goedkoop et al. (2008, p. 32) “the uncertainty is 
high for poly aromatic hydrocarbons (PAH), fine dust (PM10 and PM2.5) and heavy metal 
emissions, as well as radionuclides and CO from combustion”. 
                                                 
22 As described by Goedkoop et al. “A typical property of a lognormal distribution is that the square of the 
geometric standard deviation covers the 95% confidence interval, so a square geometric standard deviation of 1,2 
means that 95% of all values lies between the best guess value times 1.2 and the best guess value divided by 
1,2. If the square of the geometric standard deviation is equal to 1.00 this means there is no uncertainty at all.” 
(Goedkoop, De Schryver, & Oele, 2008, p. 30). 
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The uncertainty of the impact assessment method is described, as far as known, in the next 
chapter. Moreover, it is assessed to a limited extent by a sensitivity analysis of the most 
uncertain effects. 
Finally, although uncertainty concerning the future cannot be avoided, the influence of 
assumptions, future predictions and the most uncertain parameters on the final results is 
investigated by a sensitivity analysis. This is elaborated in Part B concerning the 
implementation. 
03.05 Conclusions 
Environmental impact assessment is one of the three indispensable parts of sustainable 
building. Although life cycle assessment (LCA) is recognised as an appropriate approach to 
evaluate the environmental impacts and a methodological framework exists, its 
implementation at the building level is complex. This is not only due to the complex character 
of buildings, but also due to the typically relatively long life span. The latter requires many 
assumptions which should be reported transparently in order to enable the correct 
interpretation of the results. 
The non-transparency of the available LCA tools for buildings which were investigated leads 
to the need for the development of a specific tool within this research. This also proves to be 
necessary since the flexibility of the existing tools is too limited to enable investigation of the 
formulated research questions. 
The method developed uses the Swiss ecoinvent database, adapted for the Belgian context. 
Furthermore the modelling of import of materials, passenger transport, recycling processes 
and CO2 emissions (and uptake) of wood products is refined and further developed for the 
purpose of this research. Transport and EOL scenarios of the building materials are defined 
based on a limited survey. The selected hybrid method is an endpoint approach, expressing 
the impacts in monetary values. It considers as many impacts as possible in order to make a 
comprehensive assessment. 
Uncertainty, inherent to the data gathering, the applied method and the assumptions made, 
is handled in several ways. The element method for cost control is applied in order to 
guarantee completeness and accuracy of the building modelling, a peer-reviewed database 
is applied in terms of data quality and sensitivity of the least certain parameters is performed. 
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04.01 Introduction 
In this chapter, the basic approach of the impact assessment (LCIA) method is further 
elaborated. It does not include a thorough investigation of external costs, nor a determination 
of these through own investigation. It concerns a description of the concept and different 
approaches based on an extensive and in-depth literature review. 
04.02 Description monetary valuation 
Within this research, monetary valuation is used to express in monetary terms how the 
welfare and wellbeing of current and future generations is affected by the environmental 
impacts caused by the activities in the building and housing sector. The environmental cost 
can be defined as the damage that the environmental impacts impose on human health, 
ecosystems and resources. These environmental costs are often referred to as ‘external 
costs’ (also known as externalities or shadow costs) and arise when the social or economic 
activities of one group of people have an impact on another or on the whole society, and 
when the first group fails to fully account for these impacts. These costs are mostly passed 
on to society as a whole (e.g. an overall increase in health risks from air pollution) or to future 
generations (e.g. costs related to damages and adaptation to global warming). 
As is elaborated in the introductory chapter, the aim of external costs is to inform – and in 
consequence change the behaviour of – designers in specific and society in general on the 
environmental consequences of their choices. Moreover, even if this is not elaborated within 
this dissertation, the aim is to enable policy recommendations to be derived from the 
analysis. This should be kept in mind when reading the part on selection of method. 
There are two quantification options, illustrated in Figure 04.01. One can either determine the 
external cost of the inventoried in- and outputs (1) or one can first determine the 
environmental impacts of these in- and outputs (2a) and translate these impacts in monetary 
terms in a second step (2b).  
 
Figure 04.01 Methodological framework of a monetary valuation in LCA. (based on (ISO 
14040, 2006)) 
Several approaches exist to estimate the monetary values and are described in section 
04.03. Their choice is of major importance since the values implicitly involve a weighting of 
the considered emissions and/or impacts and thus determine the final result. 
04.03 Approaches for monetary valuation 
In the last decades, different methods have been developed to determine the monetary value 
of environmental impacts. The methods can be classified into two main categories: the 
willingness-to-pay (WTP) and the reduction cost approach (also known as the abatement, 
avoidance, prevention or control cost approach). Both approaches are described in detail in 
the next section. A more extensive overview of approaches is given by Huppes et al. (2007) 
differentiating between stated1 and revealed2 preferences; and collective and individual 
                                                 
1 Stated preferences are based on individual’s responses to questions regarding hypothetical situations that aim 
to elicit individual’s preferences in regard to the environmental good or service. (Freeman, 2003) 
Identification and quantification
of emissions and burdens
Assessment of their environmental impacts
Monetary valuation of these impacts
LCI
LCIA
Monetary valuation 
2a 
1 
2b 
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preferences. His overview is summarised in Table 04.01. For a further elaboration on the 
methods, the mentioned sources can be consulted. 
Table 04.01 Basic approaches to establish monetary values of environmental impacts, based on 
Huppes et al. (2007) 
 collective preferences 
(social-political) 
individual/private preferences 
  source  source 
stated 
preference 
stated 
weights 
(Finnveden, Eldh, & 
Johansson, 2006) 
BEES (Lippiat & 
Boyles, 2001) 
Eco-efficiency 
method for 
NOGEPA (Huppes, 
Davidson, Kuyper, 
van Oers, Udo de 
Haes, & Warringa, 
2007) 
willingness-to-pay (or 
to accept):  
contingent valuation, 
contingent ranking, 
pair-wise comparison
allocation games(1) 
EPS: (Steen, 1999) 
ExternE: (Bickel & 
Friedrich, 2005) 
Defra: (Turner, 
Handley, Newcombe, 
& Ozdemiroglu, 2004) 
RDC-Environnement 
(D4E - RDC 
Environnement, 2007) 
cost of 
reaching 
stated policy 
goals 
(Davidson, Hof, & 
Potjer, 2002) 
(Davidson, Boon, & 
Swigchem van, 
2005) 
  
distance-to-
stated-policy-
targets 
EDIP 
(Frischknecht, et 
al., 2007) 
Eco-Indicator 95: 
(Goedkoop, 
Demmers, & 
Collignon, 1996) 
Nibe (NIBE, 2002) 
  
revealed 
preference 
impact 
reduction 
cost of actual 
policies 
(Huppes & 
Ishikawa, A 
Framework for 
Quantified Eco-
efficiency Analysis, 
2005) 
hedonic pricing(2) 
(Hofstetter & Müller-
Wenk, 2005) 
(van der Kruk, 2007) 
(Nunes & Nijkamp, 
2007) 
ExternE (Bickel & 
Friedrich, 2005) 
comparative 
efficiency maximum 
abatement 
cost method 
(Oka, Ishikawa, 
Fuji, & Huppes, 
2005b) 
(Vogtländer, 2001) 
  
(1) As defined by Nunes and Nijkamp, “The contingent valuation method asks respondents to express 
directly their preferences in monetary terms for some defined environmental benefit, the contingent 
ranking method asks the respondent to rank a number of described environmental quality alternatives. 
The pair-wise comparison is closely related to the contingent ranking method, yet respondents are asked 
                                                                                                                                                        
2 Revealed preferences are based on observations of individuals acting in real-world settings and are thus based 
on actual market prices. (Freeman, 2003) 
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to compare a series of pairs of alternatives. Finally, in an allocation game, respondents are asked to 
allocate a fixed budget among a set of environmental benefits.” (Nunes & Nijkamp, 2007, p. 162)  
(2) Hedonic pricing is commonly applied in real estate economics in order to determine the added value of 
housing characteristics on parcel and housing sales prices. It is assumed that the difference in price of 
two identical products except for a single characteristic reflects the revealed willingness to pay for this 
distinctive feature. (Kruk van der, 2007) Hedonic pricing can only be linked to a very limited set of 
environmental impacts and is therefore often combined with stated private preference approaches. 
(Huppes, Davidson, Kuyper, van Oers, Udo de Haes, & Warringa, 2007) 
04.03.01 WTP approach 
The WTP approach determines the monetary values based on the amount a person is willing 
to pay to reduce (or accept) environmental impacts. To get meaningful results, the 
interrogated persons have to understand what they are asked to be prepared to pay for. This 
means that WTP can only be used to value damage and cannot be implemented to value in- 
and outputs. It is for example not useful to ask for the WTP to avoid an amount of SO2, at 
least not without further information or knowledge about the impact the emission of SO2 is 
causing. By consequence the impact pathway approach (IPA) must be followed to determine 
the monetary values based on WTP (Figure 04.02). 
The principal steps within the IPA are the following (Bickel & Friedrich, 2005): 
- Emission: life cycle inventory; 
- Dispersion: calculation of increased pollutant concentrations in all affected regions, e.g. 
incremental concentration of ozone, using models of atmospheric dispersion and 
chemistry for ozone (O3) formation due to NOx; 
- Impact: calculation of the cumulated exposure from the increased concentration, 
followed by calculation of impacts (damage in physical units) from this exposure using 
an exposure-response function, e.g. cases of asthma due to this increase in O3; 
- Cost: valuation of these impacts in monetary terms, e.g. multiplication by the monetary 
value of a case of asthma. 
 
Figure 04.02 The impact pathway approach, based on (Spirinckx, De Nocker, Liekens, & 
Vanassche, 2008, p. 15). 
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An example of a WTP question is (European Commission, 2008, p. 143): 
“Suppose that a new product becomes available that, when used over the next ten years, 
would reduce your chance of dying from a disease or illness. This product would reduce your 
total chance of dying over the next ten years from X to Y. 
If you were to take this product you would have to pay the full amount of the cost out of your 
own pocket each year for the next ten years. For the product to have its full effect, you would 
need to use it every year for all ten years. 
We realise that most people will not simply accept the idea that this product is guaranteed to 
work without some proof. In answering the next questions, please assume that the product 
has been demonstrated to be safe and effective in tests required by the UK Government. 
Keeping in mind that you would have less money to spend on other things, would you be 
willing to pay €Z per year (10 times Z total) to purchase this product?” 
As stated by Huppes and Ishikawa, “the WTP method is most widely accepted by 
economists and most widely despised by non-economists” (Huppes & Ishikawa, 2005, p. 37). 
The advantage of this method is that a comparison with financial (private) costs is meaningful 
and can easily be made. Moreover, it fits well in the economic-based analysis using the 
Pareto approach. Furthermore, the method has great flexibility and allows for estimation of 
non-use values3, which have typically a public good character for which no market price is 
available. (Nunes & Nijkamp, 2007)  
The literature on limitations of the WTP approach is vast. According to Huppes et al. (2007, 
p. 45), for instance, private preference based methods based on WTP and hedonic pricing 
have broad ranges of outcomes, limited applicability in terms of environmental impacts 
covered and limited acceptability with non-economists and critical economists. According to 
ExternE, the IPA has been successfully applied to human health impacts, but cannot be fully 
applied in other areas because data on valuation is missing (e.g. acidification and 
eutrophication of ecosystems) or because estimation of all physical impacts is limited (e.g. 
global warming) (European Commission, 2008). 
04.03.02 Reduction cost approach 
The reduction cost approach determines the costs of reducing emissions to predefined target 
levels. The cheapest set of measures is searched for. It is assumed that one starts with the 
cheapest measure and ends with the most expensive per unit of reduced emission to 
achieve the target. The latter is by definition the maximum abatement cost (MAC) of the 
considered impact (Davidson, Boon, & Swigchem van, 2005). It determines what society now 
needs to spend to reduce a certain amount of pollutants (through a number of existing 
measures). It is based on currently available technologies - and on the ones expected to be 
available in future - and upon estimations of the costs of these per unit of reduced emission 
(or impact). It thus depends on the objective, the availability and costs of pollution reduction 
technologies.  
The reduction cost approach basically consists of three steps. In a first step, the target needs 
to be defined. Ideally this should be the reduction needed to reach the sustainability level (in 
line with the earth’s carrying capacity). This sustainability level is difficult to define and the 
target is therefore in practice most often determined by policy goals4. Secondly, the marginal 
reduction cost curve needs to be determined, which expresses the increasing cost of 
additional measures to reduce emissions when more emissions have already been reduced5. 
                                                 
3 As stated by King and Mazzota (2000), “non-use values or passive values are values that are not associated 
with actual use, or even the option to use a good or service”. 
4 The Kyoto target is for example most often used as target for the reduction of greenhouse gasses.  
5 According to the MARKAL and MATTER models of ECN (Petten), the measures to be taken to reduce the 
greenhouse gasses for example are the following – ranked from cheapest to more expensive: tax increase on 
petrol (measure 1), less fuel consumption of cars (measure 4), energy savings in residential buildings (measure 
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The basic shape is therefore typically an exponential curve (Figure 04.03). This is no easy 
task since it is hard to determine all possible measures (worldwide) and their costs. Finally, 
linking the target level with the marginal reduction cost curve, one can determine the MAC. A 
more detailed description and illustration of the MAC is given by Oka et al. (2005b). Since the 
target levels are most often determined by policy goals, a limitation of the MAC method is its 
inapplicability to regulatory analysis (Oka, Ishikawa, Fuji, & Huppes, 2005b). 
 
Figure 04.03 Reduction cost approach – determination of the MAC. 
04.03.03 Approach within this research 
As elaborated by Oka (2005a), the monetary values determined by both methods have a 
different meaning. A WTP value is an indication of how much someone (or society) wants to 
spend to reduce an environmental impact. Multiplying these WTP values with the reduced 
amount of emissions - in a comparative analysis - represents the external economic benefit 
of the measure. 
The MAC (if applied) is what society is now spending to reduce a certain amount of 
pollutants reflected by the most expensive of the cheapest measures for the target. The 
comparison of the MAC with the financial (internal) cost of a certain measure determines 
whether this particular measure reduces the amount of pollutants with less or more financial 
costs than the most expensive measure. This approach therefore does not provide an 
estimation of the environmental benefit of a measure, but only gives an indication of the 
efficiency of the particular measure. (Oka, 2005a, p. 23) (Davidson, Boon, & Swigchem van, 
2005) It is thus only meaningful when compared with its own additional financial cost and 
cannot be used for comparison of different measures. One exception concerns the MAC 
defined by Vogtländer (2001, p. 28), since his eco-costs are calculated for bringing back the 
pollution to a level “in line with the Earth’s carrying capacity”. 
Although the MAC method seems a powerful method to investigate effectiveness in 
assessing individual products, it is found unsuitable within this research since the aim is not 
only to compare the environmental cost of measures with their financial cost, but also to 
compare the environmental cost of measures separately. Moreover the MAC method is not 
selected because of the dependency of policy targets, as mentioned before.  
Although the choice for the WTP involves an evaluation of impacts instead of emissions and 
may therefore lead to a higher uncertainty level (Oka, 2005a) (Oka, Ishikawa, Fuji, & 
Huppes, 2005b), it was found to be the most appropriate method for the aim of this research. 
                                                                                                                                                        
15), energy savings in industry (measure 17), domestic solar boiler (measure 46). A complete list of measures in 
order of rising cost can be found in Beeldman et al. (1998, pp. 164-165).  
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However, the external costs as defined by Vogtländer could also be considered for the aim of 
this research and are compared to the other appropriate WTP methods. 
04.04 Existing WTP methods 
In the next part of this chapter, a non exhaustive number of available WTP approaches are 
described in order to fit and justify the selected combination of methods within the wider 
context. It is important however to note that widely diverging ranges of monetary values for 
environmental impacts are found in literature (Huppes & Ishikawa, 2005, p. 36). 
04.04.01 ExternE 
ExternE (External costs of Energy) is a research project of the European Commission. Since 
1991 more than 50 research teams have been involved in more than 20 countries (European 
Commission, 2008). The methodology provides a framework for assessing the external costs 
of energy use and is applied for calculating external costs from electricity and heat 
production as well as transport. 
The methodology comprises all relevant currently known external effects and includes the 
impacts caused by releasing either substances (e.g. fine particles) or energy (noise, 
radiation, heat) into the environmental media: air, soil and water. It is mainly based on WTP 
in order to avoid a negative impact or the willingness-to-accept (WTA) as compensation for a 
negative impact following the impact pathway approach. A representative well-informed 
sample of the population has been asked. For some impacts, hedonic pricing was combined 
with WTP. For global warming, however, the cost reduction approach is used since the WTP 
method showed too many uncertainties and possible gaps. The same applies to acidification 
and eutrophication. 
For each of the impact categories considered, the approach to determine the monetary 
values is summarised in the following paragraphs. Within the ExternE approach discounting6 
is considered, assuming the discount rate of external cost (social discount rate) equal to the 
discount rate of financial cost (private discount rate). However, a sensitivity analysis is 
recommended, ranging from 0% (low) to 6% (high) with a central value of 3%. (European 
Commission, 2008)  
There are a number of issues that are not considered as external costs within the ExternE 
project. It concerns the impacts on employment since employment is influenced by the labour 
market and is thus an internal cost. The depletion of non-renewable resources is neither 
considered since it is assumed that it is already considered in the prices of resources and are 
thus internal. However, if one assumes that the current interest rates are higher than the 
assumed social preference rate, then some adjustment should be made. 
- Health impacts of air pollution: 
Monetary values to account for the incidence of premature death, estimated to result 
from air pollution in Europe, were derived from three contingent valuation study surveys 
undertaken in the UK, France and Italy. The WTP values are derived for mortality risk 
reductions to be incurred over ten years (effective immediately) and for reductions in the 
probability of dying between age 70 and 80. A value of 50.000 euro per value of life 
years (VOLY) was derived for chronic mortality, while an undiscounted value of 75.000 
euro per VOLY was derived (acute mortality), with an upper-level of 225.000 euro/VOLY 
and a lower-level of 27.240 euro/VOLY. The derived values represent significant 
progress on previous studies and can be regarded as among the most appropriate 
available at the present time. For the valuation of the morbidity end-points, three 
components are included: resource costs (e.g. medical costs), opportunity costs (e.g. 
work time loss) and disutility (e.g. restrictions on desired leisure activities). While the 
former two are based on market prices, the latter is determined by WTP/WTA. A median 
                                                 
6 Discounting is further elaborated at the end of chapter 05 focussing on the combination of financial and external 
costs. 
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resource cost of 35 euro/outpatient was determined, with a lower-level of 25 euro (UK 
excluded because of extremely high cost). A mean direct cost of 82 euro per employee-
day absence is determined, with an upper-level of 245 euro (including less confident 
indirect costs) and a lower-level of 54 euro/day (based on earnings of EU employees). 
Both these costs are subtracted from the WTP costs for respiratory hospital admissions, 
emergency-room visits for respiratory illness, visit to a doctor for asthma and lower 
respiratory symptoms, restricted activity days, respiratory symptoms in adults and 
children with asthma, respiratory medication use by children and adults, chronic 
bronchitis, one cough day, minor restricted activity days and symptom days. The health 
impacts contribute the largest part of the damage estimates of ExternE. 
- Amenity losses from noise: 
For the determination of the health impacts from noise ExternE mainly uses the state of 
the art summary by De Kluizenaar et al. (2001). Within this research, years of life lost, 
days in hospital, days absent from work and expected morbidity are reported for 
myocardial infarctions, angina pectoris and hypertension from noise. Moreover, sleep 
disturbance from road, rail and air traffic are summarised within the same study. Beside 
the above effects, annoyance reactions are included as well based on hedonic pricing. 
The monetary value of the effects is already elaborated in the previous paragraph. 
- Impacts on building materials: 
The effects on building materials include loss of mechanical strength, leakage and failure 
of protective coatings due to degradation of materials; and soiling of buildings. For 
several frequently used building materials, dose-response functions are obtained. Based 
on these monetary values are determined, linking performance demands with necessity 
of replacement and maintenance. 
- Impacts on visibility: 
Reduced visibility is one of the major impacts of air pollution. However, a monetary value 
for this impact has not yet been determined for the European context. 
- Transmission lines: 
The ExternE report identifies seven impacts from transmission lines, amongst others 
impact of electro-magnetic fields, impact on bird populations and visual amenity. The 
latter is recognised as being potentially the most significant externality. As stated in the 
ExternE report “there remains a gap for studies that measure the WTP for avoiding the 
imposition of transmission lines at all, in a given landscape” (European Commission, 
2008, p. 168). 
- Crop losses: 
The impacts from the emission of SO2, change in ozone concentration, acidification and 
eutrophication from nitrogen deposits are considered. The WTP method to value crop 
losses is based on literature dating from 2001 to 2003 and considers sunflower, wheat, 
potato, rice, rye, oats, tobacco, barley and sugar beet. 
- Global warming impacts: 
For global warming, two approaches are followed. First, the quantifiable damage is 
estimated, leading to a monetary value of 9 euro/ton CO2 (medium discount rate). Only 
damage with a reasonable certainty is included. Impacts such as extended floods and an 
increased number of hurricanes are not considered. The reduction cost approach is 
therefore proposed to include those impacts as well. When reaching for the broadly 
accepted Kyoto aim, a monetary value of roughly between 5 and 20 euro per ton CO2 is 
obtained. In addition, the prices of the tradable CO2 permits lead to a monetary value of 
24 euro per ton CO2 (beginning of October 2005). The use of 19 euro per ton CO2 is 
therefore proposed to be used as monetary value. Furthermore there is a tendency to 
strive for higher goals than the Kyoto convention. The European target of limiting global 
warming to 2°C above pre-industrial temperatures lead to a maximum abatement cost of 
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95 euro per ton CO2. However, it is doubted that this will be accepted by the general 
population. Therefore, an intermediate value of 50 euro per ton CO2 is recommended to 
be used as upper level for sensitivity analysis (Davidson, Hof, & Potjer, 2002). 
- Accidents: 
Accidents are defined as “rare unwanted events in contrast to normal operation” 
(European Commission, 2008, p. 1). Within ExternE a distinction is made between 
accidents in the energy supply chain, major accidents in non-nuclear fuel chains and the 
nuclear fuel chain. None of these are yet included in the analysis. However, it is 
important to mention that the monetary value for impacts caused by nuclear accidents 
revealed (research dates from 1999) to be 0,00034 – 0,00046 €-cent / kWh in Germany 
and 0,0005 €-cent/kWh in France (assuming a discount rate of 0%). Research 
elaborated that “even with the inclusion of indirect effects and a risk aversion factor of 
20, the estimated cost of a nuclear accident represents less than 5% of the external 
costs of the nuclear fuel cycle” (European Commission, 2008, p. 225). However, further 
investigation to value these costs is needed. 
- Ecosystems and biodiversity: 
Within the current ExternE project, only acidification and eutrophication have been 
addressed by using the critical loads concept (experienced as second best approach). 
However, a more correct approach would be to determine the restoration cost for 
biodiversity changes due to emissions from SO2, NOx and land use. The current 
approach is based on the Eco-Indicator99 concept of Potentially Disappeared Fraction 
(PDF) due to unfavourable conditions caused by acidification and eutrophication and led 
to a monetary value of 100 euro/ha,year; with a range of 60 – 350 euro/ha, year. It is 
important to note that the analysis of environmental impacts based on the critical load 
concept for small emission changes is however questioned by Hettelingh et al. 
(Hettelingh, Posch, & Potting, 2005). 
Within the ExternE programme “Clean Air For Europe (CAFE)” monetary values are 
generated for each country in the EU25 (except Cyprus) (Holland, Pye, Watkiss, Droste-
Franke, & Bickel, 2005). Within this PhD research, the values valid for the Belgian context 
are used. These are summarised in Table 04.02 and concern four combinations of 
sensitivity. More detailed information can be retrieved from the report of the CAFE 
programme. Within this PhD research the low end scenario is used.  
Within the monetary value for SO2 and NOX emissions, the acidification and eutrophication 
impacts are not included. Moreover, the effects on building materials are not considered 
because of lack of data. Other health impacts not included in Table 04.02 relate to global 
warming, and emissions of carcinogenic substances. 
Table 04.02 Monetary values according to CAFE for four scenarios (Holland, Pye, Watkiss, Droste-
Franke, & Bickel, 2005, pp. 14-18). 
PM mortality 
O3 mortality 
Health core?(3) 
Health sensitivity?(4) 
Crops 
O3/health metric 
VOLY(1)  – median 
VOLY – median 
Yes 
No 
Yes 
SOMO 35(5)
VSL(2) – median
VOLY – median
Yes
No
Yes
SOMO 35
VOLY – median 
VOLY – median 
Yes 
Yes 
Yes 
SOMO 0 
VSL – median 
VOLY – median 
Yes 
Yes 
Yes 
SOMO 0
unit €/ton €/ton €/ton €/ton 
NH3 30.000 47.000 60.000 87.000 
NOx 5.200 8.200 9.100 14.000 
PM2.5(6) 61.000 94.000 120.000 180.000 
SO2 11.000 16.000 21.000 31.000 
VOC(7) 2.500 3.500 5.300 7.100 
(1) VOLY = Value Of Life Years 
(2) VSL = Value of Statistical Life 
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(3) Health core functions are chronic and acute mortality, infant mortality, chronic bronchitis, respiratory and 
cardiac hospital admissions, restricted activity days, respiratory medication and lower respiratory 
syndromes. 
(4) Sensitivity functions are consultations for asthma, consultations for upper respiratory symptoms and 
extra for RADs. 
(5) SOMO35: “The TFH of WHO-UNECE decided that, in the core analyses, the effects of daily ozone on 
mortality should be quantified only at ozone concentrations higher than 35 ppb (70 µg/m³), considered as 
a daily maximum 8-hour mean ozone concentration. In practice, this means that effects are quantified 
only on days when the daily ozone concentration (maximum 8-hour mean) exceeded 70 µg/m³, and then 
only the increment exceeding 70 µg/m³ is used for quantification. This increment, aggregated over all 
days of the year, was called SOMO35.” (Bickel & Friedrich, 2005, p. 97) 
(6) PM2.5 = fine dust (particle matter) ≤ 2,5 µm 
(7) VOC = Volatile Organic Compounds 
For global warming, the monetary value of 50 euro / ton CO2-equivalent is recommended by 
ExternE, based on Davidson et al. (2002). It is important however to remember that this 
value is based on the reduction cost approach and is therefore not completely in line with the 
selected approach in this research. The value determined within ExternE based on tradable 
CO2 permits (2005) equals 19 euro/ton CO2-equivalent. 
04.04.02 EPS 
The EPS (Environmental Priority Strategies in product design) system has been developed 
since 1989 by Steen et al. (1999). The method assigns a monetary value to ‘safeguard 
subjects’, which are defined as things we want to safeguard in the environment, such as 
human health and bio-diversity. The monetary values are WTP to restore changes in the 
safeguard subjects. Five safeguard subjects are assessed, namely human health, ecosystem 
production capacity, abiotic stock resources, bio-diversity and cultural and recreational 
values. The uncertainty principle is used, rather than the precautionary principle in order to 
reduce the safety margins.7 
For the estimation of the changes in safeguard subjects different methods are used. Within 
the human health impact, effects on life expectancy, severe morbidity and suffering, 
morbidity, severe nuisance and nuisance are assessed and expressed per person, year. The 
monetary values are based on epidemiological and dose-response studies. 
The production capacity of ecosystems addresses decreased yields of crop, fish&meat, 
wood and freshwater. The indicator equals the decreased production capacity of one 
kilogram. 
Abiotic stock resource depletion considers depletion of element reserves (for instance 
copper), fossil reserves (natural gas, oil and coal) and mineral reserves. These are 
expressed as one kilogram of the resource in a reference state from which it is mined. Land 
use is not seen as a resource, but its quality is assessed within the impact categories: 
production capacity, bio-diversity and aesthetic values. The effects of environmental impacts 
(such as corrosion and soiling) on the anthropogenic stock resources (amongst others 
buildings, machines and construction materials) are not considered as a separate impact 
category. However, these are indirectly assessed through the assessment of the impacts 
when substituting and repairing these.  
The safeguard subject ‘bio-diversity’ is focussing on the extinction of species and uses the 
normalised extinction of species (dimensionless) as indicator with respect to the species 
extinction during 1990.  
                                                 
7 Within the precautionary principle assumptions are made to ensure that the estimated environmental impact will 
most probably not be exceeded by the real environmental impact. For example by assuming business-as-usual 
and thus not considering improved technical solutions in future. Another precautionary principle is a moderate 
level of general acceptance by scientists about the impact modelling. The higher the precautionary level, the more 
safety margins are considered. The uncertainty principle calls for a best estimate and a measure of uncertainty.  
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The fifth safeguard subject ‘cultural and recreation value’ is found difficult to describe by 
general indicators and is therefore only defined when needed. 
For the determination of the monetary values of the changes in safeguard subjects, market 
prices are used when available, considering the price the buyer has to pay (including taxes 
and subsidies). For the category indicators morbidity, nuisance and recreation values, the 
contingent valuation method is used if no direct market prices are available. For the abiotic 
stock resource depletion a market scenario is created where the production cost of 
substances similar to the abiotic stock resources is used as an estimate of WTP. In the 
approach, no discounting for future effects are made based on the idea that future 
generations have the same right to a good environment as the current generation. 
In Table 04.03 and Table 04.04 the monetary values are summarised for the key emissions 
considered in the CAFE project and the toxic emissions as mentioned in the RDC-
environnement study (see further on), however the monetary values of other considered 
emissions and resources can be found in the report ‘Implementation of Life Cycle Impact 
Assessment Methods’ (Frischknecht, et al., 2007). 
Table 04.03 Limited selection of monetary values for air borne emissions according to EPS2000, 
based on (Frischknecht, et al., 2007, pp. 95, 101 and 103) 
emissions or impact monetary value units 
PM2,5 72.000 € /ton 
SO2 3.270 € /ton 
NOx 2.130 € /ton 
NH3 1.960 € /ton 
VOC 2.140 € /ton 
CO2 108 € /ton 
Table 04.04 Monetary values for toxic air borne emissions according to EPS2000, based on 
(Frischknecht, et al., 2007, pp. 95, 101 and 103) in accordance to the considered emissions within 
the RDC-environnement study. 
emissions or impact monetary value units 
As (carcinogen) 95.300 € /ton 
Cd (carcinogen) 10.200 € /ton 
Cr (carcinogen) 20.000 € /ton 
Ni (carcinogen) 0 € /ton 
Dioxines (carcinogen) - € /ton 
Pb 2.910 € /ton 
CO 331 € /ton 
04.04.03 DEFRA 
Within the final report ‘Valuation of the external costs and benefits to health and environment 
of waste management options’ for Defra (Turner, Handley, Newcombe, & Ozdemiroglu, 
2004), a comprehensive overview is given of literature concerning monetary valuation of 
health and environmental externalities with particular reference to waste management as of 
mid 2003. A distinction is made between primary and secondary literature sources, the latter 
deriving valuation data from the previous. The review process clearly identifies a large range 
in monetary values for key pollutants. In Table 04.05 the mean, minimum and maximum 
monetary value for the primary pollutants are summarised, identified from the secondary 
studies (converted British pounds from 2003 to euro (x-rates, 2009)). For PM2.5 and VOC 
the mean, maximum and minimum values correspond since these data are based on one 
literature source within the Defra study. 
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Table 04.05 Identified ranges of monetary values for key pollutants based on literature review as of 
mid 2003, limited to mortality and morbidity effects (converted British pounds from 2003 to euro (x-
rates)). 
emissions or impact monetary value units 
 minimum mean maximum  
PM2.5 3.008 3.008 3.008 € /ton 
SO2 4.587 7.977 14.266 € /ton 
NOx 1.301 14.126 42.055 € /ton 
NH3 -  - € /ton 
VOC 818 818 818 € /ton 
CO2 1 15 55 € /ton 
Moreover an independent analysis was undertaken by AEA Technology on behalf of Defra to 
estimate aggregate monetary values per mass of pollutant based on an own dose response 
model. The monetary values per tonne of pollutant from UK landfill and incineration are 
summarised in Table 04.06. The values are converted from British pounds (2003) to Euro (x-
rates, 2009). 
Table 04.06 Estimates of euro/tonne pollutant from UK landfill and incineration, based on (Turner, 
Handley, Newcombe, & Ozdemiroglu, 2004, p. 47). 
emissions or impact monetary valuation units 
 central low central high  
PM10 (landfill) 
PM10 (incineration) 
233 
8.846 
1.482 
56.734 
€ /ton 
 
SO2 (only health effects) 604 3.926 € /ton 
NOx 223 1.412 € /ton 
VOC (health effects + crop damage) 380 961 € /ton 
CO2 14 55 € /ton 
Since no monetary values are available for the emission of PM2.5 and NH3, this method is 
not further considered within this research. 
04.04.04 RDC Environnement 
Within the study ‘les benefices environnementaux du recyclage’ executed for ‘la Direction 
des Etudes Economiques et de l’ Evaluation Environnementale’ (D4E) the monetary values 
of environmental impacts are partly based on literature and partly developed within the 
project (D4E - RDC Environnement, 2007). 
The monetary values are mainly based on WTP/WTA (contingent valuation method) values 
and current market prices. Moreover, for each of the impacts, the total environmental cost is 
determined and from this the currently already internalised part is deducted to obtain the 
external environmental cost. For the depletion of metals for example, it is assumed that the 
scarcity of the metals is already incorporated in the current financial market prices. The 
environmental cost is thus assumed to be already internalised 100%. 
The RDC Environnement study incorporates a wide range of impacts: acidification of air, 
global warming, ozone layer depletion, degradation of water quality, human and ecosystem 
toxicity, depletion of resources, disamenity, damage to structures and cultural effects. A price 
adjustment is made to determine the monetary values in euro in 2007, assuming an average 
annual inflation rate of 2,03% (period 1988 – 2006).  
In Table 04.07, Table 04.08 and Table 04.09 below the monetary values are summarised for 
the key pollutants in accordance to the previous described studies, for the toxic emissions in 
accordance to EPS2000 and supplementary for the depletion of resources. 
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Table 04.07 External cost of key pollutants (air emissions) according to D4E (D4E - RDC 
Environnement, 2007, pp. 56, 67). 
emissions or impact monetary value units 
PM2,5 53.000 € /ton 
SOX(1) 5.000 € /ton 
NOx 6.000 € /ton 
NH3 18.000 € /ton 
VOC 605(2) € /ton 
CO2 20 - 96 € /ton 
(1) The impacts of these emissions only concern toxic effects. For acidification of air an extra cost of 
630 €/ton SOx equivalent must be added. 
(2) Calculated based on external cost of 1 euro / kg C2H4-equivalent and the data within the EPS 
method. 
Table 04.08 External cost of toxic emissions (air emissions) according to D4E (D4E - RDC 
Environnement, 2007, pp. 69, 70). 
emissions or impact monetary value units 
As (carcinogen) 92.000 € /ton 
Cd (carcinogen) 46.000 € /ton 
Cr (carcinogen) 230.000 € /ton 
Ni (carcinogen) 4.400 € /ton 
Dioxins (carcinogen) 210.000 x 106 € /ton 
Pb 1.830.000 € /ton 
CO 0,75 € /ton 
Table 04.09 External cost of depletion of resources according to D4E. (D4E - RDC Environnement, 
2007, pp. 73, 74, 75, 76, 77) 
resources monetary value units 
fossil fuels 0,00705 € /MJ 
wood bio-mass 0,36 € /kg 
minerals/metals 0 € /kg 
water 0,54 € /m³ 
land  0 € /m² 
04.05 Eco-costs Vogtländer 
The method developed by Vogtländer in his PhD thesis at the Delft University of Technology 
is based on the reduction cost approach8. The maximum abatement cost is determined in 
order to be in line with, as stated by the author, “the earth’s estimated carrying capacity” 
according to the definition of eco-efficiency by the World Business Council for Sustainable 
Development9 (Vogtländer, 2001, p. i). The costs have been estimated based on technical 
measures to prevent pollution and resource depletion to a level which is sufficient to make 
our society sustainable. As stated by the author; “the ‘norms for sustainability’ are based on 
the ‘negligible risk levels’ for concentrations and the corresponding ‘fate analyses’, being the 
link between concentration and emissions” (Vogtländer, 2001, p. iii). 
Although this seems the ‘best’ way to determine external costs, it is doubtful whether if 
determining the ‘norms of sustainability’ is possible. A closer look at the determination of the 
norm for global warming for example reveals that Vogtländer assumes a reduction of 50% of 
the greenhouse gases in 2030 compared with the year 2000 for Western Europe. However, 
                                                 
8 In his PhD research Vogtländer links the “value chain” to the “product chain” by defining the Eco-costs/Value 
Ratio (EVR). This indicator enables to link economy and ecology in a comprehensive way. 
9 The World Business Council for Sustainable development defined eco-efficiency as: “the delivery of 
competitively priced goods and services that satisfy human needs and bring quality of life while progressively 
reducing ecological impacts and resource intensity, through the life cycle, to a level at least in line with the earth’s 
carrying capacity.” (Vogtländer, 2001, p. i) 
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is a reduction of 50% for Western Europe in 2030 the norm for sustainability? This seems 
somewhat arbitrary. The same questions can be raised by each one of the sustainable 
norms defined by Vogtländer.  
Despite the questions to be raised on the norm setting, the concept is interesting. Moreover, 
very rewarding is the author’s transparent way of reporting by providing the list of actions 
considered for the determination of the marginal costs. For the greenhouse gas reductions 
for example, the maximum abatement cost of 114 euro/ton CO2 equivalent measures as 
biomass for production of electricity and CO2 storage at production of electricity are included, 
but bio-fuel for cars and photovoltaic solar cells are excluded. 
In Table 04.10 and Table 04.11 below the prevention costs are summarised as proposed by 
Vogtländer for The Netherlands and Europe. 
Table 04.10 External costs of the key pollutants (air emissions) according to Vogtländer 
(Vogtländer, 2001, pp. 17-18). 
emissions or impact monetary value units 
PM2,5 (winter smog) 12.300 € /ton 
SOX (acidification) 6.400 € /ton 
NOx - € /ton 
NH3 - € /ton 
VOC (summer smog) 50.000 € /ton 
CO2 (global warming) 114 € /ton 
Table 04.11 External costs of other pollutants (air emissions) according to Vogtländer (Vogtländer, 
2001, pp. 17-18). 
emissions or impact monetary value units 
Phosphate equivalent (eutrophication) 3.050 € /ton 
Zn (heavy metals) 680.000 € /ton 
PAH equivalent (carcinogen) 12.300 € /ton 
04.06 Comparison of methods 
The monetary values determined within the four elaborated methods are compared 
concerning the key pollutants (Table 04.12), it thus concerns a partial comparison. As would 
be expected, the values differ substantially. The monetary values determined within the 
EPS2000 method are low in comparison to the other methods except for PM2.5 and the CO2 
equivalents. The monetary value of the CO2-equivalents within the CAFE approach is low in 
compared to the other methods. The values determined by Vogtländer only concern four of 
the six key pollutants. The value for VOC is very high in comparison to the other methods, 
while the value for PM2.5 on the other hand is low. 
Table 04.12 Comparison CAFE / EPS2000 / RDC Environnement / Vogtländer 
 CAFE (low end 
scenario) 
EPS2000 RDC 
Environnement 
Vogtländer 
unit €/ton €/ton €/ton €/ton 
NH3 30.000 1.960 18.000 - 
NOx 5.200 2.130 6.000 - 
PM2.5 61.000 72.000 53.000 12.300 
SO2 11.000 3.270 5.000 6.400 
VOC 2.500 2.140 605 50.000 
CO2-equivalents 50 108 96 114 
It is interesting to investigate the consequences of the notified differences on decision 
making in the context of this research. The monetary values of the key pollutants based on 
the four methods have therefore been applied to assess the external cost of the production of 
frequently used building materials in the Belgian context for outer walls, expressed in euro 
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per m2 wall. The same analysis is executed for different transport means and energy 
processes. 
For the comparative analysis, no attention is paid to define identical functional units. It rather 
concerns a quick screening of the four methods than trying to compare the alternatives. The 
alternatives chosen for the outer wall are frequently used technical solutions and the amount 
of material per m² wall is determined correctly. However, the performance of the alternatives 
is not identical and the analysis only considers the production process. The comparison is 
only carried out to gain insight into the influence of the choice of method and in the range of 
differentiation of the results. It is clear that from this analysis no conclusions can be drawn on 
decisions based on the life cycle external cost of dwellings. 
04.06.01 Comparison of the external cost of transport means 
Despite few exceptions the values determined by Vogtländer lead to the highest external 
cost. This is due to the higher external cost of CO2 equivalents compared to the other 
methods and the fact that the contribution of the CO2 equivalents is the most important for 
most products/processes. The products and processes with a lower cost are those for which 
the largest part of the impact is determined by the emission of PM2.5, which can be 
explained by the lower monetary value of Vogtländer for PM2.5 in comparison to the other 
methods. The lowest external cost is in most cases for the analysis with the CAFE values, 
which can be explained by the low monetary value for CO2 equivalents compared to the 
other methods. The assessment furthermore reveals that the monetary values based on 
EPS2000 are higher than the ones based on CAFE. This is due to the higher monetary value 
for PM2.5 in the EPS approach, which is not compensated by the lower cost for the other 
pollutants. The monetary value according to the RDC environnement method lies always 
between the CAFE and EPS2000 value. 
 
Figure 04.04 Comparative analysis (partial) of the external cost of transport means. 
For the transportation means, all methods lead to the same decisions, except for the 
passenger diesel car which leads to a lower environmental cost than the petrol alternative 
according to Vogtländer in contradiction to the other methods. This can be explained by the 
higher emission of NOx and PM2.5 - and the lower emission of the other substances - of the 
diesel car and the fact that Vogtländer does not consider NOx and uses a low cost for PM2.5 
in comparison to the other methods  
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04.06.02 Comparison of the external cost of electricity production and domestic heat 
production 
For the alternative electricity mixes, the four methods lead to the same decisions. For the 
heating alternatives all methods lead to the same decisions except for the choice between 
pellets and wood chips, whereof the former is preferred according to CAFE, while wood chips 
gain preference based on the valuation by the other three methods. This difference can be 
explained by the lower emission of NOx and PM2.5 due to burning of pellets, but higher 
emissions of CO2, NH3, SO2 and VOCs in comparison to burning wood chips. Depending on 
the monetary values different decisions are taken. 
 
Figure 04.05 Comparative analysis (partial) of the external cost of electricity mixes. 
 
Figure 04.06 Comparative analysis (partial) of the external cost of domestic heat 
production.  
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04.06.03 Comparison of the external cost of the production of building materials 
Figure 04.07 to Figure 04.10 are again included to compare the decisions according to the 
different methods rather than the building materials (since the performance of the materials is 
not necessarily identical). All methods lead to identical decisions concerning the internal 
finishing of the wall (Figure 04.07). However, the higher cost of the ceramic tiles compared to 
the other materials is more limited according to Vogtländer than according to the other 
methods. This can be explained by the lower cost for PM2.5 of Vogtländer compared to the 
other methods. 
 
Figure 04.07 Comparative analysis (partial) of the external cost of internal wall finishes. 
For the loadbearing structure of the walls (Figure 04.08) one discrepancy is identified 
concerning decisions based on the different methods. While clay bricks are preferred above 
cellular concrete blocks according to Vogtländer and EPS2000, the opposite is true 
according to CAFE and RDC Environnement. This discrepancy is due to the lower emission 
for the clay bricks of CO2 and NH3 and the higher emission of SO2, NOx, PM2.5 in 
comparison to the cellular concrete blocks. Depending on the monetary values, different 
decisions are taken. 
 
Figure 04.08 Comparative analysis (partial) of the external cost of the loadbearing part of 
walls. 
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Decisions on insulation alternatives (Table 04.09) are again equal based on the four 
methods, except for rock wool which has a lower external cost than expanded polystyrene 
(for the same thickness!) according to EPS2000 and Vogtländer, while the opposite is true 
according to CAFE and RDC-Environnement. This can be explained by the higher emission 
of NOx, PM2.5 and NH3 for the production of rock wool and the lower emission of CO2, SO2 
and VOC in comparison to expanded polystyrene. If the external cost of the insulation 
materials were compared per heat resistance, then other conclusions might be valid. 
However, the aim is not to compare insulation materials, but impact assessment methods. 
The comparative analysis of the insulation materials is elaborated in Part B of this 
dissertation (chapter 12). 
 
Figure 04.09 Comparative analysis (partial) of the external cost of wall insulation. 
The four methods lead to more differentiated decisions for the exterior finishes as can be 
seen from Figure 04.10.  
 
Figure 04.10 Comparative analysis (partial) of the external cost of exterior wall finishes. 
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04.06.04 Conclusions of the comparison 
To investigate the range of differences, the following value is calculated: 
Range of difference = [(maximum cost – minimum cost)/minimum cost] x 100 (%) 
The range of difference varies from 29% (barge) to 117% (passenger car, petrol) for the 
transportation means, from 3% (flat plate solar collector + wood heating) to 223% (wood 
chips, from industry) for the energy processes and from 14% (zinc wall plate) to 121% (basalt 
plate) for the building materials. 
It can be concluded that although most decisions are identical based on the four applied 
methods, discrepancies occur. The choice of method therefore is important and will 
determine the final decisions. Furthermore, although a single score is desirable to enable 
(straightforward) decisions, it is important to inform transparently the decision maker about 
the underlying assumptions and provide the more detailed impacts so as to enable decisions 
based on single impacts if desired. 
04.07 Hybrid method within this research 
Because of its transparency and broad acceptance by the scientific community, the ExternE 
approach was selected for use as a basis within this research. However, the method has 
been combined with other sources in order to cover the impacts excluded by ExternE. The 
method is developed in collaboration with VITO (Leo De Nocker) within the SuFiQuaD 
project. It is a combination of existing methods and can therefore be titled ‘hybrid’. The 
combination of methods is summarised in Figure 04.11. 
 
Notes: (1) = airborne emissions, impact on human health and crops 
 PDF = Potentially Disappeared Fraction 
 DALY = Disability Adjusted Life Years 
(*)    Sensitivity analysis: high end (Watkiss, et al., 2005) 
(**)   Value based on weighted averages of WTP studies that value morbidity and mortality 
health impacts.  
(***)  Value based on marginal restoration costs to restore biodiversity by 20%.  
(****) Impact assessment based on default hierarchist perspective, in MJ/MJ. 
Figure 04.11 Developed hybrid method for the monetary valuation of environmental impacts 
04.07.01 Monetary valuation of human health effects 
The human health effects considered are respiratory effects, carcinogenic effects, ionising 
radiation, ozone layer depletion and global warming. 
Within the ExternE methodology the human health impacts due to the emission of SO2, 
NOX, PM2.5, NH3 and VOC (total damage by pollutant) are considered (number 1 on Figure 
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04.11). For the monetary values of the human health effects of these emissions the ExternE 
method is used. As impacts on public health are by far the most dominating impacts, 
population density plays an important role in the site specificity of the impacts. From this 
perspective, it is important to use data for Belgium (high population density) instead of 
average data for the EU. For this reason, the monetary values from the CAFE project for the 
Belgian context are used.  
For global warming the ExternE recommended value of 50 euro/ton CO2 equivalent 
(number 2 on Figure 04.11) is assumed (Davidson, Hof, & Potjer, 2002). A high end scenario 
of 150 euro/ton CO2 equivalent is analysed, assuming that people are willing to pay more to 
reduce global warming due to the large media attention for this environmental problem 
(Watkiss, et al., 2005). For the determination of the CO2-equivalents, the CML-method is 
applied. However, Huppes et al. (2007) compared five impact assessment methods (CML, 
EPS, Eco-Indicator 99, CE and ExternE) for the calculation of CO2 equivalents and conclude 
that all methods differ substantially. 
Other than the above mentioned harmful emissions for human health are addressed by 
using the Eco-indicator 99 method (Goedkoop & Spriensma, 2001). This method is 
developed by Pré Consultants in collaboration with international research groups. It 
addresses, in a consistent manner, a wide range of pollutants and emissions to air, water 
and soil and considers the impacts on human health, quality of ecosystems and depletion of 
resources. This method is selected because it covers a wide range of impacts, it is 
transparently reported and it is widely recognised by LCA experts (e.g. base for the national 
Japanese method (LIME), input for UNEP (United Nations Environment Programme) life 
cycle initiatives). Eco-indicator 99 expresses the impacts on human health in disability 
adjusted life years (DALYs). The translation of the inventory data into the number of DALYs 
is based on a four-step procedure as elaborated in the previous chapter. Two approaches 
are possible for the monetary valuation of DALYs. 
The first approach is to take into account the monetary value data available for the main 
individual health impacts that are important for health impacts of pollution. As mentioned 
before, the value for acute and chronic mortality is estimated to be 75.000 and 50.000 
euro/DALY based on the valuation studies used in ExternE (and further used by the EC for 
the CAFE program). For morbidity related to air pollution and noise, the weighted average is 
87.000 Euro/DALY. The weighting is based on the total share of the morbidity impacts from 
air pollution and noise in Flanders, as estimated by Torfs et al. (2005).  
A second approach to value a DALY is to use the costs for medical treatments that society is 
willing to pay to prevent (e.g. screening for breast cancer) or cure health impacts. These 
costs can be seen as an indicator of society’s willingness-to-pay for one healthy year of life. 
In developed countries, the $50.000-$100.000 per DALY threshold is often used to determine 
cost effectiveness for health interventions. This range is similar to the ranges from estimates 
based on willingness-to-pay from citizens (Spirinckx, De Nocker, Liekens, & Vanassche, 
2008). 
In summary, all these studies and indicators support a valuation in the range between 50.000 
and 100.000 euro/DALY. Because the impact of chronic mortality has an important share of 
total health impacts, a value more close to that for chronic mortality would be most 
appropriate. More recent studies furthermore have found lower WTP values for chronic 
mortality. This supports the argument to use the lower part of the range for the valuation of 
DALYs, and therefore a rounded number of 60.000 €/DALY is used as the central estimate. 
04.07.02 Monetary valuation of resource depletion 
Depletion of resources is not addressed within the ExternE method, therefore other 
approaches were sought. The cost to society of the use of natural resources and land is 
already partly reflected in the market prices. This is reflected in this research in the part 
where the financial cost is calculated. For the external costs, the additional non-market 
reflected impacts need to be dealt with. A distinction is made between depletion of 
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freshwater, minerals and fossil fuels. Land use is discussed separately in the following 
section (04.07.03). 
The Eco-indicator 99 method is again used which considers the additional amount of energy 
required for future exploration as a damage indicator for resource depletion for both energy 
and minerals. The extra energy demand is expressed in Joule. The relevant price is the 
expected price in the future, which is of course unknown. Future prices for oil and gas have 
been estimated in several sources to vary around 100 $/toe and 100 $/boe (EC, 2006, p. 2). 
If these values are used for 2050, and discounted back to current values using a discount 
rate of 1 or 3 %, the current value of these energy prices falls in the range of the 20 to 60 
$/boe. The price level of 40 €/boe is an adequate figure to value this impact and equals 
0,0065 €/MJ. 
Freshwater is a renewable resource and the external cost should include all the external 
costs related to the delivery of drinking-water and the sewerage and treatment of waste 
waters. In Flanders the current financial cost for water does not cover all external costs 
(SERV, 2007). A good indicator for the total cost of water is around 5 €/m³ (De Nocker, 
Bronders, Liekens, Patyn, Smolders, & Engelen, 2007). This is confirmed by a study in 
Germany mentioning that all external costs are included in the current water price, which is 
slightly higher than 5 euro/m³ (ATT, et al., 2008). The financial cost to date in Belgium differs 
from region to region. However, if an average cost of 3,78 €/m³ is considered, the remaining 
external cost equals 1,22 €/m³. As elaborated in chapter 06, the assessment of freshwater 
within this research is limited to water use during the use phase of the dwelling and is 
assumed to be 110 litres10 per person per day on average (40 m³ per year). Water needed 
for the production of the building materials and the maintenance processes are assumed 
negligible. 
To reduce the impact of the use of freshwater, rainwater can be used for some applications 
(toilet, maintenance, laundry) in households11. However, if rainwater is discharged to the 
sewage system, it leads to additional costs for sewage and waste water treatment. A typical 
cost figure is 75% of the external cost of freshwater, which means 0,9 €/m³ (De Nocker, 
Bronders, Liekens, Patyn, Smolders, & Engelen, 2007). If rainwater is collected and used for 
irrigation, there are no external costs.  
04.07.03 Monetary valuation of impacts on ecosystems 
The impacts on ecosystems are not included within the ExternE values, except for crop 
losses due to exposure to ozone. Therefore, the Eco-indicator 99 method is again used, 
considering acidification, eutrophication and land use. The damage is expressed as the 
percentage of species that potentially have disappeared in a certain area due to the 
environmental load (Potentially Disappeared fraction or PDF). The indicator further takes into 
account how large the affected area is (in m²) and the relevant duration of the impacts (e.g. 
the life span of the building). This leads to an indicator expressed as PDF x m² x year. 
Impacts on biodiversity are hard to value in monetary terms, and the available data related to 
the WTP for preservation of biodiversity cannot directly be related to the PDF indicator. 
Therefore, a recent study by Ecoconcept-ESU has used restoration cost approach to value 
the PDF indicator (Ott, Baur, Kaufmann, Frischknecht, & Steiner, 2006). This study has used 
cost data from Germany and Switzerland to change from one type of land use to another, in 
order to restore biodiversity. This leads to a broad range of costs per PDF restored. 
Secondly, it has used the marginal costs to improve biodiversity by 20%, using the cheapest 
land use transformations. This leads to a cost of 0,49 €/PDF x m² x year (which corresponds 
to the costs to restore integrated arable land into organic arable land). This value has been 
                                                 
10 The freshwater use per capita in Belgium equaled 107 litres per day in 2006 (latest data available). In 1995, this 
equaled 117 litres (FOD Economie, 2009).  
11 The applications for which rainwater can be used represent about 50% of the freshwater use in households 
(toilet: 33 litres, laundry: 13 litres and maintenance: 10 litres) (Belgaqua, 2008).  
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compared with values of WTP studies, and in almost all cases, this approach leads to higher 
values than WTP studies (Spirinckx, De Nocker, Liekens, & Vanassche, 2008). 
04.07.04 Summary 
Table 04.13 gives an overview of the monetary values of the assessed emissions and 
impacts. 
Table 04.13 Overview of key data for monetary valuation. 
 
Emissions or impact external cost unit source 
Air borne emissions    
PM2,5 61.000 € /ton  (1) 
SO2 11.000 € /ton  (1) 
NOx 5.200 € /ton  (1) 
NH3 30.000 € /ton  (1) 
VOC 2.500 € /ton  (1) 
greenhouse gasses: CO2 equivalents    
low estimate   (a) 19 € /ton CO2 eq. (2) 
mid estimate   (b) 50 € /ton CO2 eq. (3) 
high estimate  (c)  150 € /ton CO2 eq. (4) 
impacts assessed by Eco-Indicator    
human health 60.000 € /DALY (5) 
ecotoxicity  0,49 € /PDFxm²xyear (6) 
depletion of resources       0,0065 € /MJ (7) 
freshwater 1,22 € /m³ (8) 
Notes and sources:   
(a) Low estimate, to be used for sensitivity analysis 
(b) Mid estimate 
(c) High estimate, to be used for sensitivity analysis 
(1) (Holland, Pye, Watkiss, Droste-Franke, & Bickel, 2005): pp 13-17, mid estimate, data for 
Belgium 
(2) (European Commission, 2008) 
(3) (Davidson, Hof, & Potjer, 2002) 
(4) (Watkiss, et al., 2005) 
(5) (European Commission, 2008) + (Torfs, De Nocker, Schrooten, Aernouts, & Liekens, 
2005) 
(6) (Ott, Baur, Kaufmann, Frischknecht, & Steiner, 2006) 
(7) (EC, 2006) 
(8) (De Nocker, Bronders, Liekens, Patyn, Smolders, & Engelen, 2007) 
04.07.05 Contribution of the different impacts to the total external cost 
Within this final section an analysis is made of the contribution of the different impacts to the 
total external cost. Moreover, a relation is sought between the results and external costs 
calculated without CAFE, but completely based on external cost for DALY, PDF and MJ 
surplus energy. The latter is investigated for two reasons. Firstly, it should clarify if both 
methods lead to corresponding results and thus if the proposed method is in line with the 
broadly accepted Eco-indicator99 method. Secondly, when both methods do correspond, it 
should clarify if the Eco-indicator99 approximation is sufficiently accurate or if a more 
detailed analysis (as proposed) is required. 
The analysis of the contribution of the different impacts to the total cost is done for the limited 
selection of processes and materials as is done in section 04.06. The comparison with 
calculations based on DALY, PDF and MJ surplus energy is carried out for a more extended 
list. 
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Energy processes 
The analysis of the energy processes (Figure 04.12) shows that the contribution of the 
external costs of the impacts of the emissions included within CAFE are on average 
responsible for 68% of the total external cost. However, the minimum contribution equals 
42% and the maximum 77%. This clearly indicates that it is important to include the extra 
impacts to enable a comprehensive assessment. 
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Figure 04.13 Energy processes: comparison of external cost calculated with the hybrid 
method and with the approach based on eco-indicator 99. 
A comparison of the proposed hybrid approach with an evaluation of the external costs 
based on Eco-indicator 99 (Figure 04.13) reveals that both correspond well and that the eco-
indicator cost stands for about 60% of the cost calculated with the hybrid approach. The 
difference is due to the more detailed calculation of the external cost of health effects within 
the hybrid method. For energy processes a more detailed calculation of the costs seems 
required. 
Transport processes 
The analysis of the transport processes (Figure 04.14) shows that the contribution of the 
external costs of the impacts of the emissions included within CAFE are on average 
responsible for 69% of the total external cost. However, the minimum contribution equals 
57% and the maximum 80%. This clearly indicates that it is important to include the extra 
impacts to enable a comprehensive assessment. 
A comparison of the proposed hybrid approach with an evaluation of the external costs 
based on Eco-indicator 99 (Figure 04.15) reveals that the eco-indicator cost is about 65% of 
the cost calculated with the hybrid approach. Also for transport processes, a more detailed 
calculation of the costs is thus recommended. 
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Figure 04.14 Transport processes: analysis of CAFE impacts and extra impacts 
 
Figure 04.15 Transport processes: comparison of external cost calculated with the hybrid 
method and with the approach based on eco-indicator 99. 
Building materials 
The analysis of the building materials (Figure 04.16) shows that the contribution of the 
external costs of the impacts of the emissions included within CAFE are on average 
responsible for 61% of the total external cost. However, the minimum contribution equals 
12% (!) and the maximum 91%. This clearly indicates that it is important to include the extra 
impacts to enable a comprehensive assessment. 
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A comparison of the proposed hybrid approach with an evaluation of the external costs 
based on Eco-indicator 99 (Figure 04.17) reveals that the eco-indicator cost is about 73% of 
the cost calculated with the hybrid approach. As for the energy and transport processes, the 
more detailed approach is proved to be preferred. 
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Figure 04.17 Building materials: comparison of external cost calculated with the hybrid 
method and with the approach based on eco-indicator 99. 
04.08 Conclusions 
This chapter, together with the previous one, provides an answer to the first research 
question ‘How can the environmental performance of buildings be measured?’. The effect of 
the environmental impacts on the welfare and wellbeing of the current and future generations 
is expressed in monetary terms. These environmental or external costs12 occur when a 
person or people do not fully account for the impacts on either another person or on society 
as a whole. 
The willingness-to-pay approach is selected for the monetary valuation within this research. 
This method is preferred above the maximum abatement cost for two reasons. Firstly, the 
meaning of the monetary value determined by the WTP approach represents the cost of 
interest within this research. It concerns the external economic benefit of measures. The 
MAC on the other hand should rather be used to investigate the efficiency of a particular 
measure by comparing its financial cost with the maximum abatement cost. Secondly, since 
the available MAC methods determine the target level by policy goals, this method cannot be 
used for the purpose of this research. Although not formulated as an explicit research 
question, the aim is to formulate policy recommendations from the analysis. 
The comparison of four WTP methods (ExternE, EPS, DEFRA and RDC environnement) and 
one MAC method (Vogtländer) clarifies that the monetary values for key pollutants differ 
substantially. Application of the methods to energy and transport processes and to building 
materials mostly lead to identical decisions, however discrepancies occur. 
A hybrid method is proposed to cover as many environmental impacts as possible. Because 
of its transparency and broad acceptance by the scientific community, the ExternE approach 
is selected for the assessment of the key pollutants (CO2 equivalents, SO2, NOx, PM2.5, NH3 
and VOC). Other sources are used for the assessment of human health effects which are not 
covered by the key pollutants, quality of ecosystems and depletion of resources. For most 
energy processes, the key pollutants prove to be responsible for more than 75% of the 
external cost, while for transport processes these are responsible for 65 to 80%. For these 
processes considering only the key pollutants might be a good approximation. However, the 
key pollutants represent a very diverging fraction of the external cost of building materials. 
For some this fraction equals 10%, while for others it equals 90%. To enable a fair 
comparison, all impacts of the proposed hybrid method should be included.  
                                                 
12 Based on the definitions of the monetary values in this chapter, external and environmental costs are 
considered synonyms and are used as such in the dissertation. 
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05.01 Introduction 
This chapter concentrates on the second part of the sustainability question, namely the life 
cycle financial costs. The aim is to evaluate the financial costs for the dwelling owner during 
the whole life span of the dwelling. It concerns an analysis on the micro-economic level as it 
only considers the economic behaviour of a small entity. The whole life cycle is included, 
meaning that not only the investment cost is considered, but also the costs-in-use and at the 
end of the life cycle of the dwelling. The latter is most probably a cost for the next dwelling 
owner but is included in order to be coherent to the environmental cost calculation. 
Furthermore, this cost compensates the presumable lower selling price at the end of the life 
span compared to an empty plot (since the next dwelling owner will take into account the 
demolition cost as well). The life cycle cost is calculated based on a life cycle costing (LCC) 
analysis. The technique and assumptions are described in the next section. Section 05.03 
focuses on the implementation within this research. This is followed by a description of the 
uncertainty of economic parameters and finally the approach to combine financial and 
external costs is unfolded. 
05.02 Life Cycle Costing 
05.02.01 General description of life cycle costing 
Life cycle costing (LCC) is an economic accounting tool which is typically used to rank 
different investment alternatives in terms of cost reductions during life time (Sterner, 2000). 
The approach was introduced in the British building industry during the 1950s, using the term 
‘cost-in-use’ and replaced by the term LCC through the work of Flanagan and Norman in 
1983 (Oberg, 2005). The LCC approach is furthermore described in the handbook “Life Cycle 
Costing: Theory and Practice” (Flanagan, Norman, Meadows, & Robinson, 1989). 
LCC of buildings is defined in ISO 15686 as: ‘the total cost of a building or its parts 
throughout its life, including the costs of planning, design, acquisition, operations, 
maintenance and disposal, less any residual value’ (ISO, 2006, p. 20).  
Although traditional LCC is not an environmental accounting tool, to date it is often used in 
an environmental context. The usefulness of LCC for environmental decision making is for 
example analysed by Gluch and Baumann (2004). Within this PhD research, it is seen as a 
necessary tool in combination with LCA to achieve an integrated assessment of both 
financial costs and environmental impacts of buildings. The importance of this integrated 
approach is confirmed by Kohler (2007). 
05.02.02 Discount rate 
The discount rate ‘d’ can be defined as ‘the factor reflecting the time value of money that is 
used to convert cash flows occurring at different times to a common time’ . Discounting 
means that costs and savings in the future are assumed to be less important than present 
costs and savings. If the discount rate equals 0%, future costs are equally important as 
current costs and thus time does not matter. The higher the discount rate, the more 
importance is given to the near-present and the less importance is given to what happens in 
the distant future. The discount rate is often assumed to be equal to the interest rate for bank 
loans, which is higher than the interest rate for investments. This means that future costs are 
less important when using the loan interest rate than when assuming the investment interest 
rate. By doing so, the present value (see further) of future revenues (and expenditures) is 
underestimated and less risk is taken. 
05.02.03 Inflation rate 
The value of money inflates or deflates over time, reflected by the inflation rate ‘it’ during year 
t. The cost in year t (pt) of the cost p0 now (year 0); can then be determined as: 
( )( )( ) ( )tt iiiipp ++++= 1.....111 3210  [1] 
The formula can be simplified if it is assumed that i1 = i2 = i3 =…= it = i, then: 
SUSTAINABLE BUILDING | KAREN ALLACKER 
P a g e  | 82  PART A | 05 Life cycle costing 
( )tt ipp += 10  [2] 
In consequence, the purchasing power of currency changes over time. The purchasing 
power of Xt is equal to: 
[ ] ( )ttt i
XXPP += 1  [3] 
05.02.04 Present value and total present value 
The present value of future costs can be defined as ‘the amount of money that would need to 
be saved today, at a (nominal) interest rate r, in order to have the money available to meet 
the future cost (Ct) at the time when it is predicted to occur (after t periods)’. It can therefore 
be calculated with the following formula (ri  = the interest rate during year i): 
[ ] ( ) )1)...(1)(1(1 321 t
t
t rrrr
CCPV ++++=  [4] 
After selecting an appropriate discount rate ‘d’, the present value can be calculated as: 
[ ] ( )ttt d
CCPV += 1  
[5] 
The above formula assumes that ‘d’ is constant over the considered period. It should be 
interpreted as an average rate over the considered period. The rapid reduction of the present 
value of future costs, even for relatively low discount rates, is illustrated in Figure 05.01. 
 
Figure 05.01 Present value of 100 EURO for different discount rates. 
By discounting, incoming and outgoing payments at different moments during the life span of 
a dwelling become comparable and can be aggregated into a total present value1. 
000 )()( RFEOLSPVPFSPVIFLF +++=  [6] 
With: 
– LF = life cycle financial cost (€) 
– IF  = initial financial cost (€) 
– SPV(PF0) = sum of the present values of the periodic financial costs (€) 
– SPV(EOL F0) = sum of the present values of the EOL costs (€) 
– R0  = residual financial value (+) or costs (-) at the end of the life span of 
the building (€) 
                                                 
1 The formulae in this chapter assume financial costs, however the same reasoning is valid for the external costs. 
The ‘F’ should then be replaced by ‘E’. 
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05.02.05 Nominal versus real discount rate 
The present value of future costs, which are evolved with inflation rate i, can be calculated as 
follows: 
[ ] ( ) t
t
t
t
t d
iC
d
CCPV
)1(
)1(
1
0
+
+=+=  [7] 
In the formula, ‘i’ represents the average yearly inflation rate over t periods and ‘d’ the 
nominal yearly discount rate over t periods. To simplify the formula a real discount rate, d’, 
can be calculated over the same period. The inflation rate is thus included in this real 
discount rate. The advantage of the use of a real discount rate is the fact that one does not 
need to estimate the inflation rate explicitly. 
( ) t
t
t d
iC
d
C
)1(
)1(
'1
00
+
+=+  [8] 
From the above formula, the following can be deduced: 
1
1
1' −+
+=
i
dd  [9] 
05.02.06 Growth rate 
It is evident (from the past) that prices (of building materials, energy prices or labour) do not 
change at the same rate as the general inflation rate. Therefore a growth rate, ‘g’, can be 
defined which reflects the different evolution over time of specific products and/or services. 
This difference in evolution can, amongst others, be due to a change in efficiency or 
technology of the production process for the product and the more difficult access to 
depleting resources. 
( )tot gpp += 1  [10] 
The growth rate can be either positive or negative. The growth rate of prices can fluctuate 
and therefore change yearly. In the above formula ‘g’ represents the annual average growth 
rate over a period up to year t. If a constant yearly growth rate ‘g’ is assumed, the price 
evolution is exponential. This is represented in Figure 05.02. As for the discount rate, one 
can calculate this with nominal or real growth rates (g’). 
 
Figure 05.02 Price evolution of 100 EURO for different yearly growth rates. 
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05.03 Implementation of LCC 
Due to the complexity of the building process, the many components of a building and the 
relatively long life span, LCC is a data intensive process. The final result is dependent on the 
availability and reliability of the input data (Gluch & Baumann, 2004). For a correct 
interpretation of the result, transparency of the data used and the assumptions made is 
necessary. The implementation within this research is elaborated in the subsequent 
paragraphs. The elaboration is however limited to the LCC field. Many data (and 
assumptions) are common with LCA and are described in chapter 06. 
05.03.01 Investment cost 
The initial financial cost is calculated by adding the cost of the construction of the building 
IF(elements) and the heating installation IF(installations), both expressed in EURO. The 
designer’s cost is calculated as a percentage (4,8%) of the investment cost (Orde van 
Architecten, 2004). The cost for the land (location related) is not considered. In case the new 
dwelling is built to replace an existing one, the demolition and EOL treatment cost of the 
existing dwelling is assumed to be included in the land cost and is thus not considered. 
)()( onsinstallatiIFelementsIFIF +=  [11] 
The two most important databases valid for the Belgian context are the database of ASPEN 
and the BOUWUNIE. The ASPEN database contains data for the Belgian context and is 
updated every half a year. There is a database for both new constructions and 
reconstructions/maintenance (ASPEN, 2008a) and (ASPEN, 2008b). The BOUWUNIE 
database consists of three parts: structural works, finishing and techniques (BOUWUNIE, 
2004a), (BOUWUNIE, 2004b) and (BOUWUNIE, 2004c). However, there is no separate 
database for new constructions and reconstructions. The BOUWUNIE database is updated 
every year. 
Both databases provide material and labour cost of the most common building materials and 
products applied within the Belgian context. The prices moreover include the transport costs 
to and material losses on the construction site.  
ASPEN was selected to be used as main database within this research since the data are 
organised according to the BB/SfB2 structure. (De Troyer, Neuckermans, Havenne, & Simon, 
1990) and (Havenne, Simon, De Troyer, & Neuckermans, 1990). This structure perfectly fits 
the element method for cost control used in this research (chapter 06). If data are lacking 
however, the BOUWUNIE database is used and if needed, the UPB-BUA database (UPA-
BUA, 2009) or product specific data are sought. 
05.03.02 Periodic costs 
The periodic costs are integrated in the calculation of the life cycle financial cost by adding 
the present value of these costs to the investment costs. The periodic costs consist of a 
number of different types of costs, which are described in formula [12]. These are subdivided 
in groups for practical considerations; however, the same formulae are used for all of these. 
)()()()()()()( ,0,0,0,0,0,00 mcleeefinel PFSPVPFSPVPFSPVPFSPVPFSPVPFSPVPFSPV +++++=  [12] 
With:  
– PF0,el = periodic replacement cost of building elements/materials 
– PF0,in = periodic replacement cost of installation components. 
– PF0,ef = annual energy cost of fossil fuels 
– PF0,ee = annual energy cost of electricity 
                                                 
2 The BB/SfB coding system is an official version of the international coding system Cl/SfB for Belgium. This 
system, developed in the years 1950 in Northern Europe, has been internationally spread and is especially 
developed for the construction sector. 
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– PF0,cl = annual cleaning cost 
– PF0,m = periodic maintenance cost 
In addition, the sum of the present values of the annual commuter transport cost is calculated 
separately. The formula above consists both of annual costs and periodic costs over a 
defined number of years. The annual costs are calculated with formula 13 and the periodic 
costs with a lower frequency than one year, with formula 14. 
∑
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With: 
PF0 = cost at moment x, y and z, estimated at moment 0 (€) 
g’= real growth rate 
d’ = real discount rate 
n = life span of the dwelling (year) 
x,y,z = moment of cost (years) 
The growth rate differs depending on the considered materials, labour and energy process. 
This is further elaborated in section 05.03.03. 
Energy cost 
Energy prices need to be determined for the different energy sources used during the life 
span of the dwelling. A differentiation is made between the price for natural gas, oil, 
electricity and pellets. The prices of the first three are based on statistical data for the Belgian 
context for the year 2008 and are summarised in Table 05.01. For pellets 0,0113 €/MJ is 
assumed, exclusive VAT. Since the aim is to consider the price for the private dwelling 
owner, the price including taxes and VAT is selected (last column).  
Table 05.01 Average energy prices for Belgium in 2008 (European Commission, 2009). 
 
net price (€/MJ) net price + taxes (€/MJ) 
net price + taxes + 
VAT (21%) 
(€/MJ) 
electricity 0,0426 0,0453 0,0548 
natural gas 0,0113 0,0115 0,0139 
oil 0,0131 0,0136 0,0164 
Cleaning, maintenance and replacements 
The costs for cleaning and maintenance are most problematic since many incomplete 
sources are available with very diverging data. It was necessary to use a combination of 
sources to gather the required data, amongst others (Pasman, Scholten, & Veldkamp, 
1/1993), (Hollander den, Kuhlmann, Steenhuis, & Veldkamp, 3/1993), (Ten Hagen Stam, 
2000a), (Ten Hagen Stam, 2000b), (a.a., 2000) (ASPEN, 2008a), (ASPEN, 2008b) and 
(UPA-BUA, 2009). Since the costs from different sources date from different years, a nominal 
value for the year 2008 is calculated using the ABEX3 index (ABEX, 2009). In a number of 
sources the prices are expressed in former Dutch Guilders. These are changed to euro 
assuming 1 guilders equals 0,4538 euro (2008).  
                                                 
3 The ABEX index is described in section 05.03.06. 
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For the cleaning activities occurring more frequently than yearly, a yearly cost is calculated. 
The replacement costs include the demolition cost, the material and labour cost of the new 
materials and the EOL cost of the replaced materials. The determination of the EOL cost is 
elaborated in the next section. 
05.03.03 End-of-life costs 
The third term in formula 6 represents the present value of the end-of-life costs of the 
building4. It consists of the costs for demolition, landfill, incineration and the recycling 
processes. The material cost for reuse is assumed zero. The calculation of the EOL cost is 
represented in the formula below. 
)()()()( ,0,0,00 EOLFEOLFtransEOLFdem FSPVFSPVFSPVEOLFSPV ++=  [15] 
With: 
– F0,EOLFdem = demolition/dismantling cost 
– F0,EOLFtrans = transport cost to the end-of-life treatment plants 
– F0,EOLF = end of life treatment cost (landfill, incineration and/or recycling) 
The financial cost of the EOL treatment depends on whether or not there is prior sorting on 
the construction site. A distinction is therefore made between two scenarios: 
– Selective demolition, which results in separate waste fractions, such as amongst 
others inert waste, plastics, wood, metals and glass. These are separately processed 
in a crusher or a sorting installation. 
– Traditional demolition, which results in a limited set of mixed waste fractions that are 
transported per container to a sorting installation. This sorting installation acts as an 
interface between the demolition site and the final end-of-life treatment and takes 
care of all necessary steps between the demolition site and the final end-of-life 
processing. For this action, the sorting plant charges so-called waste-specific removal 
rates, in which the transport rates, the sorting rates and the final processing rates for 
the considered waste fractions are included. 
For the cost of the waste removal, prices are based on an inquiry into Belgian waste 
processors, from which an average cost per ton is calculated. A financial cost is determined 
for seven waste fractions (Table 05.02) based on average real market prices from the 
different waste treatment contractors. 
These categories however differ from the ones defined for the calculation of the external cost 
(chapter 03, section 03.03.03). Consequently, the waste fractions for which specific financial 
removal rates are lacking, are allocated to one of the seven financial cost EOL categories. 
For this allocation, two assumptions are made:  
– All mixed waste that is not sorted on the demolition site is considered as being ‘non-
sorted mixed waste, including bricks and concrete’ (category 3); 
– All waste that is sorted on the demolition site, but that has no specific removal rate 
scenario, is allocated to ‘non-sorted mixed waste, excluding bricks and concrete’ 
(category 4); 
  
                                                 
4As mentioned in the introduction of this chapter: although the EOL cost is a cost for the next dwelling owner, it is 
considered within the cost analysis to compensate the lower selling price at the end of the life span compared to 
an empty plot (since the next dwelling owner will take into account the demolition cost as well). 
Although the EOL cost is limited to the EOL of the building, the same formula is used for the calculation of the 
EOL cost of the replaced components during the life span of the dwelling. These are included in the replacement 
costs and are not reported separately. 
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Table 05.02 Removal categories and EOL financial costs for removal of building waste. 
Cat. waste fraction waste destination 
financial cost 
(euro/ton) 
1 clean inert waste (bricks and concrete) crushing installation for recycling 10 
2 clean inert waste (mainly bricks) sorting installation 20 
3 
non-sorted mixed waste, inclusive 
bricks and concrete sorting installation 30 
4 
non-sorted mixed waste, exclusive 
bricks and concrete sorting installation 70 
5 sorted wood waste sorting installation for recycling 50 
6 metals sorting installation for recycling 0 
7 sorted plastics for recycling recycling installation  10 
Based on these assumptions, a specific EOL treatment financial cost for each waste fraction 
according to the external cost, expressed in euro/ton, is determined (Table 05.03).  
Table 05.03  Financial cost of the EOL treatment of the defined building waste categories. 
waste category EOL F (euro/ton) 
inert waste 17,12 
plastics 46,42 
broken wood waste 34,26 
non-broken wood waste 32,95 
small dangerous waste 48,20 
earth 25,03 
asbestos cement 70,00 
metals 3,70 
glass 42,97 
paper and cardboard 50,82 
waste (non-recyclable and non-reusable) 60,00 
insulation 30,00 
other waste fractions 26,40 
05.03.04 Residual value 
The last term R0 in formula 6 represents the residual value of the dwelling at the end of its life 
span or at the time it is replaced. Since it is assumed that the dwellings will last 60 years, it is 
acceptable to consider a residual value of zero and an EOL treatment of all building materials 
and products. 
However if there were to be a large difference between the functional and technical life span 
of the dwelling, one could estimate the residual value at the end of the functional life span as 
the ‘selling’ value of the remaining construction for other functions. 
For the analysis of the renovation potential of existing dwellings the residual value of the 
dwellings should be considered. This can for example be estimated based on the initial cost 
of new dwellings, calculated back to the specific period and proportionally to the remaining 
life span assigned to the new dwelling owner. This is elaborated in detail within the 
SuFiQuaD project, but is not considered in this dissertation. 
05.03.05 VAT, taxes and subsidies 
Taxes are included in the LCC calculations based on the current situation in Belgium, which 
means 21% VAT for the construction cost of new buildings, energy costs and transportation 
costs; and 6% VAT for renovations and replacements. 
Tax reductions and subsidies are not included since these are policy measures. The aim of 
this research however, is to determine which policy measures should be taken (and thus to 
question if current measures should remain or not). 
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05.03.06 Economic parameters 
DISCOUNT RATE 
The discount rate to be used depends on the context and little agreement is noticed among 
economists what discount rates to use. The discount rate however influences the results to a 
great extent. The discount rate within this research should reflect the private owner’s or 
building owner’s choice to invest money in dwellings. In a Newsletter of the Dexia bank 
addressing small scale individuals, the bank compares the return of a common saving 
account and different policies for a portfolio combining a worldwide index for bonds and 
shares (Dexia Bank, 2007). A maximum return based on switching every six months during 
the previous four years to the best offer of different banks would lead to an annual interest 
rate of 4%. The average between no risk (4.2%) and low risk (7.4%) is 5.8%. Moreover, the 
Federal Plan Bureau predicts an average long term (10 years) interest rate for the period 
2007-2012 of 4.4%. (Federaal Planbureau, 2007, p. 8) 
Based on these data, a yearly (nominal) discount rate of 4% is assumed as the basic 
scenario. For the sensitivity analysis 6% is assumed.  
INFLATION RATE 
To estimate the growth rates of energy, labour and building material prices, the difference of 
the evolution in time of these prices in comparison with the general inflation over the same 
period of time needs to be defined. In the next paragraphs the general inflation rate is 
therefore discussed, represented by the index of consumer prices. In the next section, the 
evolution of energy, labour and building material costs in Belgium are described. 
The general inflation in Belgium is represented by the ‘index of consumer prices’, which 
represents the average evolution of prices of the average consumption pattern of a Belgian 
citizen (FOD economie, K.M.O., Middenstand en Energie, 2009). Since this consumption 
pattern is changing over time, the index is updated frequently and since 2006 an entirely new 
index was published based on the consumption pattern of the year 2004. This new index is 
based on a division in 12 groups of consumption articles following the European COICOP 
classification. In Figure 05.03 a long term evolution of yearly averages of the consumer price 
index is shown. The graph shows the evolution from 1960 to 2005, revealing that the index in 
2005 is 5,8 times (from 100 to 580) higher than in 1960 (De Troyer, 2007, pp. H1-8). 
 
Figure 05.03 Evolution of building costs over the period 1960 – 2005, based on: De 
Troyer (2007, pp. H1-9)5 
                                                 
5 The ABEX index, I-index and S-index which are plotted on the figure besides the index of consumer prices are 
described further on in this section as “growth rate of building costs”. 
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The general inflation rate within this research is assumed to be 2%, which is based on the 
prediction that the “Federal Planning bureau” has made for the period 2007-2012 (see Figure 
05.04) and is in line with an average over the period 1985 - 2007. No sensitivity analysis is 
done on this parameter. 
 
Figure 05.04 Growth of consumer prices for the period 1985 - 2012, Belgium. 
(Federaal Planbureau, 2007, p. 3) 
GROWTH RATE OF ENERGY PRICES 
Predicting the long term evolution of energy costs is a complex task. Evolution in the past 
shows periods of dramatic increase and sudden ruptures in the evolution linked to social and 
political events. Because of this complexity, the “Final report of the Commission Energy 
2030” is consulted for the prediction of the growth rate (D'haeseleer, 2007). 
Within this study, simulations are done using the PRIMES model considering all sectors 
(industry, residential + commercial + service sector, transport sector, electricity sector) as 
well as all primary and final energy carriers (oil, gas, coal, renewable sources, uranium, 
electricity, heat). The cost predictions are elaborated for a ‘baseline scenario’ and several 
alternative scenarios. 
The ‘baseline scenario’ is described as follows: 
– all energy and climate related policy measures and instruments agreed upon until 
01.01.2005 are implemented; 
– no extra policy measures; 
– no “post-Kyoto” constraints on greenhouse gases; 
– nuclear phase out mainly replaced by coal based electricity generation with 32% CO2 
emission increase 1990-2030; 
– despite an increase of energy-service demand, due to an increase of efficiency (30% 
over period 2005-2030), only a moderate increase of final demand. 
The considered alternative scenarios include: 
– two post-Kyoto targets: 15% and 30% energy-related CO2 reductions in Belgium 
comparing 1990 to 2030; 
– the implementation of the nuclear phase-out or not; 
– the commercial availability of ‘Carbon Capture and Storage’ (CCS) or not. 
The results for the residential sector are summarised in Table 05.04. The reported increase 
in real terms over the period 2000-2030 is recalculated as an annual (real) cumulative growth 
rate (last column). Based on these data, two real annual growth rates are considered within 
this PhD research, namely 2% and 4%. 
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Table 05.04 Growth of energy prices for residential sector 2000-2030 in real terms, based on 
D’haeseleer (2007). 
Post-Kyoto scenario in % of 
CO2 reduction 1990 - 2030 
nuclear 
available 
CCS (Carbon Capture 
and Storage) total per year
0% no no 63% 1,64% 
15% yes yes 71% 1,80% 
yes no 79% 1,96% 
no yes 110% 2,50% 
no no 170% 3,37% 
30% yes yes 100% 2,34% 
yes no 150% 3,10% 
no yes 160% 3,24% 
no no 420% 5,65% 
 
GROWTH RATE OF BUILDING COSTS 
The ABEX-index is the most widely used measure to express the evolution of construction 
costs. The ABEX-index is defined by the Association of Belgian EXperts and is published 
twice a year (ABEX, 2009). Figure 05.03 shows that the ABEX-index increased from 100 to 
929 from 1960 to 2005. This means that the increase is almost 60% higher than the index of 
consumer prices. The ABEX-index is an example of output index, which means that it is 
influenced by the supply and demand of the market. In times of high demand, the prices rise 
and therefore the ABEX-index increases. In times of low demand, the prices decrease and 
thus the ABEX-index decreases. 
To reduce the effect of these market fluctuations on the index, one often uses the price the 
contractors pay for the major inputs. A distinction is made between wage cost and material 
cost and these are called S-index (Salaries) and I-index (Input) in the Belgian context (De 
Troyer, 2007, pp. H1-12). 
The S-index is based on the wage cost, including social taxes and taking into account the 
reduction of the working hours per week. The index depends on the size of the enterprise. 
For constructors with less than ten employees, the social contributions are lower. Four 
categories are defined (A, B, C and D) which are differentiated by a different risk in weather 
delay and necessary contributions to be paid by the firm for training of the employees. For an 
evolution over the long term, yearly averages are considered for the S-index per category. In 
2005, this index was approximately 23,6 times higher than in 1960 (from 100 to 2358). The 
wage cost has thus increased a lot more than the index of consumer prices (De Troyer, 
2007, pp. H1-12). 
The I-index is based on the material cost for the building company. This is determined by a 
weighted average of the prices of building materials published by the Ministry of Economic 
Affairs. Over the long term the I-index is similar to the index of consumer prices until 1985. 
After 1985 the evolution of the I-index fluctuates more, resulting in an index in 2001 which is 
approximately equal to that in 1985. From 2001 on, the index is increasing strongly, which 
can partly be explained by the important increase of the steel price6 (De Troyer, 2007, pp. 
H1-12,13). 
The S- and I-index are often used in agreements with building contractors to adapt their price 
to the evolution of the material and wage costs. A commonly used formula is: 
⎟⎠
⎞⎜⎝
⎛ +×+××= c
I
ib
S
saPp  [16] 
– p equals the adapted price 
– P equals the original price 
                                                 
6 Steel is strongly represented in the I-index. 
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– a, b and c are coefficients where a+b+c = 1 
– a represents the fraction influenced by the evolution of wage cost 
– b represents the fraction influenced by the evolution of material cost 
– c represents the fraction which is fixed 
– S and I are the indices at the moment when the original price is determined 
– s and i are the indices at the moment when the prices are being adapted 
For the coefficients, the following values are often used: a = 0,4; b = 0,4 and c =0,2. 
If the index is determined half by S and half by I, then this index increases from 100 to 1423 
within the period 1960 to 2005. If an index is 40% composed of S, 40% of I and 20% of the 
index for consumer prices, than this index increases from 100 to 1254 in the same period. 
This means thus 53% and 35% respectively higher than the ABEX-index (De Troyer, 2007, 
pp. H1-15). 
The above indices are used within this research as follows: if the share of the material and 
labour costs are known for a certain construction cost, then the S- and I-index are used; if 
this is not the case, the ABEX – index is used for the global price. 
The indices are based on the evolution of prices from 1985 to 2007 (see Figure 05.05) by 
deducting a constant annual (nominal) growth rate based on the real evolutions. These are 
obtained via linear regression upon the logarithms of the price indices (period 1985 – 2006, 
with index 100 assumed for the year 1960). This leads to following indices: ABEX = 2,5%, I-
index = 1,7% and S-Index = 3,1%. These are rounded to the following applied indices within 
this research (nominal values): 
– ABEX: 2,5% (reflecting a systematic faster growth than the general inflation due 
to the specificity of the sector) 
– S-index (labour): 3% 
– I-index (material): 2% 
 
Figure 05.05 Evolution of the price indices from 1985 – 2006 and an approximation 
by defining constant annual rates. 
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05.04 Uncertainty 
There are many uncertainties concerning the life cycle financial cost of dwellings. The type of 
uncertainty and how these are handled within this research is described in the subsequent 
paragraphs.  
05.04.01 Uncertainty on cost data 
The material and technical installation prices are highly dependent on the contractor. Using 
the database of ASPEN therefore is only an indication of the prices, and does not represent 
exact prices. However, these are found acceptably accurate for the purpose of this research 
since the aim is not to focus on one or more producer specific materials, but rather to gain 
insight into more general actions of priority. Moreover, since it concerns a comparative 
analysis, only cost differences between variants are of interest, which may justify the use of 
non specific prices. 
The same applies to the energy prices, which are based on average prices in Belgium for 
2008. These again do not represent a specific household, since large differences occur due 
to the free energy market, day and night tariff differentiation or not and the energy demand. 
However, average prices should provide insight into the importance of energy use in 
comparison to construction, maintenance and EOL for an average household. 
05.04.02 Uncertainty on price evolutions 
Because of the relatively long life span of dwellings the uncertainty of price evolution is an 
important aspect which requires a sensitivity analysis of the economic parameters in order to 
investigate the influence on the results. An overview of the basic scenario and the sensitivity 
scenarios is given in Table 05.05, summarising the real rates. 
Table 05.05 The economic parameters applied for the basic and sensitivity scenarios (real rates). 
 basic scenario scenario 1 scenario 2 
discount rate 2% 4% 2% 
growth rate energy 2% 2% 4% 
growth rate material 0% 0% 0% 
growth rate labour 1% 1% 1% 
ABEX 0,5% 0,5% 0,5% 
05.04.03 Nominal and real values – influence of approximation 
Very often the nominal growth rate g is approximated as7: 
)'( gig +=  [17] 
The higher the estimated real growth rate and the longer the life span, the more this 
approximation differs from the correct calculation. This is illustrated in Table 05.06. 
The differences are calculated for four real growth rates (0,5%; 1%; 2% and 4%) with an 
assumed inflation rate of 2% for different life spans of the dwelling. The largest difference 
between the correct calculation and the approximation is noticed at the year 120 for the 
largest growth rate and equals 9%. 
In view of the uncertainties of predicting real growth rates and inflation rates, the 
approximated calculation seems acceptable, but for the coherence of the calculations, the 
same approach should be used for all cost calculations. 
                                                 
7 The correct calculation of 1)1()'1( −+×+= igg  
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Table 05.06 Error on nominal values by approximating nominal growth rate by ‘sum of real growth 
rate and inflation’ instead of ‘product of real growth rate and inflation minus 1’ for an 
inflation rate of 2%. 
 
05.05 Combining financial and external costs 
Within this research the financial (internal) costs and environmental (external) costs are both 
analysed separately. However, the total cost is defined as the sum of the financial and 
environmental cost and is investigated in order to identify the impact on decisions when 
environmental costs would be internalised. Despite the analysis of this total cost, both the 
financial and environmental costs are always interpreted separately as is also recommended 
by Huppes and Ishikawa (2005).  
Executing a life cycle assessment of dwellings involves incorporation of many future costs, 
both financially and environmentally. These are assumed to be important due to the relatively 
long life span of dwellings. Although in economics, the standard approach to deal with future 
costs is discounting, in LCIA it is not common to discount and the standard approach is to 
add up emissions and impacts over time (Hellweg, Hofstetter, & Hungerbühler, 2003). 
However, according to Mayerhofer et al. (1999), the frequently used argument that high 
discount rates may shift the cost burden to future generations and thus discounting should be 
lowered to accommodate environmental considerations is ambiguous since the overall level 
of investment falls when discount rates rise and in consequence resource depletion and the 
environmental burden decreases. 
A review of the different discount approaches found in literature concerning environmental 
costs is provided by Sáez and Requena (2007). The authors mention that all of them – 
except one – consider it appropriate (even essential) to discount future effects with some 
positive discounting.  
Within the context of the LCIA of dwellings, future environmental impacts should be 
addressed in order to deal with the delayed impacts of current emissions/resource extraction 
on the one hand and the fact that choices today (e.g. insulation level) affect future 
emissions/resource extraction (e.g. the heating demand during the life span of the dwelling) 
on the other hand. Since the monetary values are mainly based on ExternE, delayed impacts 
of current in- and outputs are discounted (see chapter 04). However, the future 
emissions/resource extractions are not discounted yet. 
There is no consensus in literature on what discount rate is the most appropriate (Sáez & 
Requena, 2007). However, a broad preference is given to use social discount rates8 which 
are lower than the private discount rate. According to Stern, for long term environmental 
impacts the appropriate range would be between 0,1% to 5% (2006). The UK treasury 
                                                 
8 Social discount rates are rates used in connection with collective decisions. 
inflation rate = 2%
real growth rate growth rate 30 60 90 120
0,50% i + g' 2,50% 2,098 4,400 9,229 19,358
(1+i) x (1+g')-1 2,51% 2,104 4,426 9,310 19,586
ratio 1,00 1,01 1,01 1,01
1,00% i + g' 3,00% 2,427 5,892 14,300 34,711
(1+i) x (1+g')-1 3,02% 2,441 5,961 14,553 35,529
ratio 1,01 1,01 1,02 1,02
2,00% i + g' 4,00% 3,243 10,520 34,119 110,663
(1+i) x (1+g')-1 4,04% 3,281 10,765 35,321 115,889
ratio 1,01 1,02 1,04 1,05
4,00% i + g' 6,00% 5,743 32,988 189,465 1.088,188
(1+i) x (1+g')-1 6,08% 5,875 34,515 202,776 1.191,301
ratio 1,02 1,05 1,07 1,09
years
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advocates a declining discount rate, so that impacts within one generation are discounted 
following social discount rates and impacts between generations are at a lower discount rate 
of around 1% (HM Treasury, 2003). In accordance to the UK Government, Weitzman 
proposes a discount rate of 3-4% for time spans of about 25 years; 2% for a life span 
between 25 to 75 years; 1% for a life span between 75 and 300 years and 0% for more than 
300 years (Weitzman, 1999).  
Based on the above reflections, a real yearly discount rate of 1% with 3% as sensitivity is 
used for the environmental costs, this in accordance to the assumed financial (private) yearly 
real discount rate of 2% with a sensitivity of 4%. 
05.06 Conclusions 
The financial cost is one of the three indispensable parts of sustainable building. Although in 
current practice, one focuses mainly on initial cost, the life cycle cost should be considered 
too. Life cycle costing is an appropriate approach and is applied within this research. The 
sum of the present values of all costs occurring during the life span of the dwelling is 
calculated. These costs include the investment cost (production, transport and construction), 
the periodic costs for cleaning, maintenance and replacements, the periodic costs for heating 
and the costs for the end-of-life treatment (including demolition, sorting and transport). The 
cost for water use, electricity and transport of the inhabitants during use phase are also 
determined but kept constant and therefore only added to the other life cycle costs at the end 
of the assessment when the dwellings are compared with one another. 
The ASPEN database is (mainly) used for the material and construction cost while statistical 
data are used for the energy cost. These costs are values for 2008. Cleaning and 
maintenance costs and scenarios are based on a broad literature review, while the end-of-life 
costs are based on an inquiry into Belgian waste processors. Since the date of the sources 
differs, a value for 2008 is calculated. The costs mentioned in this research are therefore 
euro2008. 
The economic parameters, as discount rate, inflation rate and growth rates, are based on 
literature review and statistical data. A yearly real discount rate of 2%, a yearly real growth 
rate of energy prices of 2%, a yearly real growth rate of material prices of 0% and a yearly 
real growth rate of labour of 1% are assumed. Moreover, a sensitivity analysis is made of 
these parameters to investigate their influence on the decisions. For the future environmental 
costs, a yearly social discount rate of 1% is assumed.  
Within the financial cost calculations, all taxes and VAT are included. Although not 
formulated as an explicit research question, the aim is to formulate policy recommendations 
from the analysis. Even if this is not elaborated within this thesis work, it is kept in mind 
during the development of the assessment method. In consequence, the current subsidies 
and tax reductions are not considered.  
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CHAPTER 06 - THE EXTENDED ELEMENT METHOD 
 
The element method for cost control is used for the development of the calculation tool and is 
described in this chapter. The hierarchical structure of this method enables analysis to be 
carried out during the different phases of the design process. This is an important objective 
of this research in order to enable analysis right from the beginning of the design process 
when the decisions having most impact are taken. The existing method is extended for life 
cycle financial cost and environmental impact estimations. This chapter furthermore 
describes the LCA and LCC common data and the measuring conventions. Common data 
are the bill of quantity of the elements and work sections; the scenarios for cleaning, 
maintenance and replacements; energy calculations; water use and transport of the 
inhabitants. The LCA and LCC specific data are already described in the previous chapters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A hierarchical decomposition
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06.01 Intro - buildings are complex products 
As elaborated in the previous chapters, assessment of buildings is a separate research 
domain within life cycle studies because, among others, the relatively long life span of 
buildings and their complex character. During the conceptual phase, the degree of freedom 
is high and the costs for changes are low. According to Bogenstätter, programming and 
building specifications in the early design phase determine up to 80% of the environmental 
load and building operational costs (Bogenstätter, 2000). As the design process proceeds 
into construction documents and finally into the construction phase, the degree of freedom 
decreases and the cost for changes increases.  
 
Figure 06.01 The design development process (based on De Troyer, page H4-5) 
An approach for the evaluation of the costs has to be fast at the start of the design process, 
while it must be able to gradually allow more detailed analysis at the later design stages. The 
‘element method for cost control’ is very well suited to respond to this requirement (De 
Troyer, Bouweconomie en Systeembouw, 2007), (a.a., Cost control in building design, 1968) 
and (a.a., 1991). It allows rough cost estimations – based on experience – to be made during 
the first design phases and to calculate exact costs gradually later on in the design process. 
It is based on a hierarchical breakdown of the dwelling and therefore also guarantees 
completeness of data collection. The latter is not easy because of the heterogeneous 
composition of a building. 
The above consideration is not only valid for financial cost but also accounts for 
environmental impact estimations. Therefore, the element method is used as the starting 
point for the analysis within this research. Although it was originally developed for the 
analysis of financial investment costs, in this research it is extended for life cycle cost and 
environmental impact estimations. 
06.02 Description of the original method 
The element method for building cost control is established in Great Britain and introduced in 
many countries afterwards (a.a., 1968). In Europe, The Netherlands occupied the pioneering 
role for this introduction (a.a., 1991).  To date, it is used by architectural offices, e.g. OSAR in 
Belgium (osar architects nv), quantity surveyors, e.g. Spon’s in the UK (Longdon, 2008 (1st 
edition 1973)), and engineering offices, e.g. Berenschot Osborne in The Netherlands 
(Berenschot Osborne, 1992). 
Two main aims form the basis of the element method: 
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- it is useful from the first design phase and permits estimation of the cost more 
precisely during the design process 
- it does not only permit cost estimations, but is also a helpful tool to evaluate possible 
adaptations when the budget is exceeded. It therefore is not only a cost-estimation-
technique, but also a cost-control-technique. 
The element method divides the building into independent building elements, which are 
building parts the designer is accustomed to work with such as foundations, ground floor and 
outer walls. The elements evolve during the design process from roughly described entities 
to fully detailed entities. Complete independency of elements, however, cannot always be 
reached and possible effects should therefore be checked.  
The element method structures the data into tables in a hierarchical structure. On the highest 
level, each building is summarised in a table whereof each row represents one element. On 
the second level each element is summarised in a table whereof each row represents one 
work section. And finally for each work section, a table is drawn whereof each row represents 
an occurring material/process. 
An example of such hierarchically structured tables is shown in Table 06.01 and Table 06.02 
for the two highest levels. For each row a ratio is determined, expressing the amount of 
element per square meter floor area, the amount of work section per unit of element and the 
amount of material/process per unit of work section. 
Table 06.01 Concept of the element table, based on (De Troyer, Bouweconomie en Systeembouw, 
2007, pp. H4-9). 
 
As is shown in Table 06.01, the cost is not only calculated per dwelling, but is also expressed 
per m² of total floor area in order to enable comparison of buildings with a different size. A 
calculation per useful floor area would integrate the evaluation of the efficiency of space, but 
could lead to misinterpretation of the results. The efficiency of space is therefore preferably 
evaluated separately. 
Important advantages of the element method in view of this research are its flexibility and 
possibility of focusing on different levels. Changing the technical solution of one element is 
without consequence for the other elements (if independent), enabling focus on one or more 
elements of interest. Even though one focuses on one (or more) elements within a building 
analysis the costs are calculated per m² floor1. This means that the importance (the ratio) of 
the element is considered within the analysis.  
For the elements which cannot fully be independently defined, it is important to take into 
account the influence on the cost of the dependent elements as well. These may be called 
‘secondary’ costs. If, for example, a comparative analysis of outer walls is executed 
searching for the most preferred external finishing or insulation thickness, the costs for a 
wider foundation (for thicker walls) and roof edge are secondary costs. 
                                                 
1 The analysis can of course also be made per unit of element, without linking it to a building.  
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Table 06.02 Calculation of the element prices based on the amount of used materials/processes., 
based on (De Troyer, Bouweconomie en Systeembouw, 2007, pp. H4-25). 
 
06.03 Extension of the original method 
As described in the previous paragraphs, the element method was originally developed to 
control investment costs of buildings. However, not only the investment cost, but also the 
operational costs (cleaning, maintenance and replacements) are often related to the amount 
of the elements. The energy consumption due to transmission losses for example is related 
to the thermal insulation value and the amount of building skin. Within this research, the 
original element method is extended with following costs/impacts: 
- financial cost: operational costs + EOL costs 
- environmental cost: investment, operational and EOL costs 
A more detailed elaboration on these costs is provided in section 06.04.03 of this chapter, 
the calculation procedure of environmental costs is elaborated in chapter 04, while the 
calculation of future costs is described in the previous chapter. On the highest level in the 
hierarchy, the building level, a table as shown in Figure 06.02 is configured. 
 
Figure 06.02 Extension of the original element method with life cycle cost and 
environmental cost. 
Code Element
IF/unit 
element
IE/unit 
elem
PF 
cleaning + 
maintenan
ce + 
replacem
ents/unit 
element
PE 
cleaning 
+ 
maintena
nce + 
replacem
ents/unit 
element
EOL F 
total / 
unit 
element
EOL E 
total / unit 
element unit ratio IF/m² floor IE/m² floor
PF cleaning + 
maintenance 
+ 
replacements
/m² floor
PE cleaning 
+ 
maintenance 
+ 
replacement
s/m2 floor
EOL F total /m² 
floor
EOL E total / 
m² floor
(13.+) slab on grade IF1 IE1 PF1 PE1 EOL F1 EOL E1 m² 0,600 IF1 x 0,600 IE1 x 0,600 PF1 x 0,600 PE1 x 0,600 EOL F1 x 0,600 EOL E1 x 0,600
(16.4) foundation IF2 IE2 PF2 PE2 EOL F2 EOL E2 m 0,165 IF2 x 0,165 IE2 x 0,165 ... ... ... ...
(21.+) outer wall IF3 IE3 PF3 PE3 EOL F3 EOL E3 m² 0,340 IF3 x 0,340 IE3 x 0,340
(22.3+) inner wall IF4 IE4 PF4 PE4 EOL F4 EOL E4 m² 0,337 IF4 x 0,337 IE4 x 0,337
(23+) floor IF5 IE5 PF5 PE5 EOL F5 EOL E5 m² 0,400 IF5 x 0,400 IE5 x 0,400
(27.1+) flat roof IF6 IE6 PF6 PE6 EOL F6 EOL E6 m² 0,200 IF6 x 0,200 IE6 x 0,200
(27.2+) pitched roof IF7 IE7 PF7 PE7 EOL F7 EOL E7 m² 0,800 IF7 x 0,800 IE7 x 0,800
(31.) windows IF8 IE8 PF8 PE8 EOL F8 EOL E8 m² 0,481 IF8 x 0,481 IE8 x 0,481
(32.) doors IF9 IE9 PF9 PE9 EOL F9 EOL E9 m² 0,028 IF9 x 0,028 IE9 x 0,028
(5) services IF10 IE10 PF10 PE10 EOL F10 EOL E10 building 0,007 IF10 x 0,007 IE10 x 0,007
price (C/unit) price per m² floor (C/m² floor)
input parameters: 
depth of footing = 0,80 m 
height of footing = 0,30 m 
width of wall = 0,29 m 
width of footing = 0,50 m 
(16) strip footing, variant 1; length = 369 m
code Material 
price 
(EURO/unit 
work section) unit
ratio
(unit work 
section/m)
price per 
element 
(EURO/m) 
total price  
(EURO) 
C_ machine excavation 12,00 m3 0,40 4,80 1.771,2
C_ manual excavation 40,00 m3 0,00 0,00 0,0
Ef2_ equalisation concrete 6,25 m2 0,00 0,00 0,0
Ef2_ concrete, not reinforced 84,00 m3 0,15 12,60 4.649,4
Fg2_ concrete blocks, 29 cm 70,00 m2 0,50 35,00 12.915,0
Pn2 bitumen layer 6,40 m2 1,00 6,40 2.361,6
Ln2_ bitumen felt 0,63    m 1,00 0,63 232,4
C_ manual backfill 20,00 m3 0,10 2,10 774,9
61,53 22.704,5Total 
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06.04 Implementation 
06.04.01 Dwelling reference and functional unit 
One of the primary purposes of the functional unit is to provide a reference to which the 
results of the studied building can be compared. Consequently, comparative analysis is only 
meaningful if the alternatives fulfil identical functions. However, due to the multi-functional 
character of dwellings, this is virtually impossible. 
In his PhD research, Andy van den Dobbelsteen mentions four basic reference types for 
buildings: the design reference, the Gross Floor Area (GFA) reference, the Full Time 
Equivalent (FTE) reference and the environmental performance demand reference 
(Dobbelsteen van den, 2004). Depending on the issue of interest, a different reference is 
used. Although the focus of the above mentioned study is the environmental impact of 
offices, the above references can also be applied for financial costs and for other building 
types. When considering costs however, the term ‘performance demand’ rather than 
‘environmental performance demand’ is more appropriate.  
The design reference assumes a fixed building and investigates the impact of alternative 
materials and services applied in this building. This reference should be chosen to 
investigate the choice of building materials and services. The GFA reference is chosen to 
investigate the building design by assuming a fixed floor area and altering both the materials, 
services, building geometry and location. By assuming a fixed number of occupants, the 
influence of a change in floor area can also be investigated. In this case, the FTE reference 
should be chosen. Finally, a reference environmental load per m² GFA or per FTE (if known) 
can be compared with a specific design of the building, entitled the environmental 
performance demand (Dobbelsteen van den, 2004). 
Within this research, the reference for the comparative analysis of dwellings is defined based 
on the above considerations and is altered depending on the focus of the investigation. As 
stated before, the main research objective is to perform the analysis at the dwelling level. 
However, this has been done in different steps according to the element method. In a first 
step, an analysis is executed at the element level, comparing the costs (both financial and 
environmental) of different applied materials/services per unit of element for a fixed assumed 
life span. In accordance with the above definitions, this corresponds to the design reference. 
The analysis at the dwelling level does not only comprise an investigation of the applied 
materials, but also of the design of the dwellings. To enable comparison of dwellings with, 
amongst others, different size, layout, location and orientation, the costs are expressed per 
m² of total floor area. This corresponds to the above defined GFA reference. This reference 
base is not only evident when applying the element method, but is also common in 
environmental impact analysis (IEA, 2004d), (REGENER, 1997). Since the performances of 
this m² of floor area will most probably differ for the different dwellings considered, a quality 
evaluation is added. This is further elaborated in chapter 07. 
An analysis per inhabitant, corresponding with the above defined FTE reference, is 
experienced as a necessary second reference base since larger buildings often lead to a 
lower cost per m² of floor area. This results in a preference for larger buildings that are not 
necessarily more sustainable if these accommodate the same number of inhabitants. 
However, the number of people may change during the lifetime of the dwelling and this 
reference is therefore less robust. 
The performance demand is not applied within this research since no average environmental 
costs are yet available for the different dwelling types investigated. However, this reference 
type perfectly fits within the element method approach to be used during the first design 
phase. Moreover, the performance demand reference is not only possible at the dwelling 
level, but also at the element level. At the end of this research average financial and external 
costs should be available per m² floor area, per inhabitant and, at the lower level, per unit of 
element. 
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06.04.02 Structure of the assessment model 
Although the model is elaborated in detail in chapter 10, the structure is shown in Figure 
06.03. It clarifies the required data gathering for the implementation of the extended element 
method. Moreover it provides an overview of the calculation procedures within the model. 
The difference in modelling the financial and external cost is due to the databases used. The 
financial cost database provides data at the level of work sections while the selected 
database for the inventory data2 is restricted to the material and process level. As elaborated 
in the previous chapters, both LCA and LCC require specific data collection, such as 
inventory data for the LCA and financial prices for the LCC. However, many data required for 
the financial and external cost coincide; this is summarised in the subsequent section. 
 
Figure 06.03 Structure of the developed assessment model. 
                                                 
2 The inventory data is needed for the calculation of the environmental cost (chapter 03 and 04). 
   EXTERNAL COST FINANCIAL COST   
BASIC DATABASES BASIC DATABASES
 TRANSPORT ECO - COST  TRANSPORT
 EOL ECO - COST
 ENERGY ECO - COST  ENERGY
TRANSPORT AND WASTE SCENARIOS WASTE SCENARIOS
MATERIAL CATEGORIES
WASTE CATEGORIES WASTE CATEGORIES
DATABASE MATERIALS DATABASE MATERIALS
 MATERIALS
DATABASE CLEANING / MAINTENANCE PROCESSES DATABASE CLEANING / MAINTENANCE PROCESSES
PROCESS PROCESS
ACTIVITY 1 ACTIVITY 1
ACTIVITY2 ACTIVITY2
... ...
DATABASE WORK SECTIONS DATABASE WORK SECTIONS
WORK SECTION ∑IE PE ∑EOL Etrans ∑EOL E WORK SECTION IF PF ∑EOL F
MATERIAL 1 IE1 EOL Etrans 1 EOL E1 MATERIAL 1 EOL F1
MATERIAL 2 IE2 EOL Etrans 2 EOL E2 MATERIAL 2 EOL F2
... IE... EOL Etrans... EOL E... ... EOL F...
ENERGY DEMAND TRANSPORT INHABITANTS
EQUIVALENT DEGREE DAYS SCENARIO INQUIRY
EPB (ADAPTED)
DATABASE ELEMENTS
ELEMENT ∑IE ∑PE PEh ∑EOL Etrans ∑EOL E LE ∑IF ∑PF PFh ∑EOL F LF
WORK SECTION 1 IE1 PE EOL Etrans 1 EOL E1 IF PF EOL F1
WORK SECTION 2 IE2 PE EOL Etrans 2 EOL E2 IF PF EOL F2
... IE... PE EOL Etrans... EOL E... IF PF EOL F...
DWELLING
DWELLING ∑IE ∑PE PEh ∑EOL Etrans ∑EOL E LE ∑IF ∑PF PFh ∑EOL F LF PEtrans PFtrans
ELEMENT 1 IE1 PE EOL Etrans 1 EOL E1 IF PF EOL F1
ELEMENT 2 IE2 PE EOL Etrans 2 EOL E2 IF PF EOL F2
... IE... PE EOL Etrans... EOL E... IF PF EOL F...
FIN - COST
FIN - COST
FIN - COST EOL
FIN - COST EOL
TRANSMISSION LOSSES
ECO - COST EOL
 MATERIALS
ECO - COST INITIAL TRANSPORT
ECO - COST EOL TRANSPORT
ECO - COST EOL
ECO - COST PRODUCTION
ECO - COST INITIAL TRANSPORT
ECO - COST EOL TRANSPORT
HEATING (INCL HOT SANITARY WATER) DEMAND
FIN - COST
FIN - COST
FIN - COST
FIN - COST
ECO - COST
ECO - COST
ECO - COST
ECO - COST
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06.04.03 Common data collection for financial and environmental costs 
LCA and LCC both assess the life cycle of a dwelling, which typically consists of pre-build, 
construction, use, and EOL. The key similarities are that both utilise data on quantities of 
materials, service life of the materials, operational impacts and EOL scenarios. This common 
data collection is elaborated in this section.  
The life phases of a dwelling include extraction of resources, production of building materials, 
transportation to the construction site, construction of the dwelling, use of the dwelling, 
demolition, transport of materials for EOL-treatment and EOL-processing. Each of these life 
phases produces financial and environmental costs and can even be categorised in different 
processes according to the definitions of REGENER3 (1997). Within this research the 
categorisation of REGENER is not followed, but costs are categorised according to the 
commonly used differentiation made by the private dwelling owner (builder). A distinction is 
made between initial cost; periodic cost for cleaning, maintenance and replacements; heating 
cost, electricity cost (appliances and lighting), water cost, cost for transport of inhabitants and 
EOL cost. The abbreviations as summarised in Table 06.03 are used. 
Table 06.03 Abbreviations of the considered financial, environmental and total costs. 
 financial cost 
(FC) 
environmental 
(external) cost 
(EC) 
total cost (TC) 
initial 
(including initial transport) IF IE 
IT 
= IF + IE 
cleaning, maintenance and 
replacements PF PE 
PT 
= PF + PE 
space heating, domestic hot 
water and ventilation PFheating PEheating 
PTheating 
= PFheating + PEheating 
electricity use for 
appliances and lighting PFelectricity PEelectricity 
PTelectricity 
= PFelectricity + PEelectricity 
water PFwater PEwater PTwater = PFwater + PEwater 
transport of inhabitants PFtrans PEtrans PTtrans = PFtrans + PEtrans 
end-of-life treatment 
(including EOL transport) EOL F EOL E 
EOL T 
= EOL F + EOL E 
life cycle cost4 LF5 LE6 LT = LF + LE 
The initial cost (IF, IE, IT) concerns the costs for the construction of the dwelling and thus 
involves material production cost (and necessary resources extraction and transport), 
transportation cost of building materials and building workers to the construction site; and the 
building construction cost. A bill of quantities is made to determine the amount of the 
elements, work sections and materials. 
                                                 
3 According to the REGENER report, phases are defined chronologically and have temporal system limits, while 
processes occur at the same time. The latter are distinguished since it seems interesting to analyse the 
contribution of these processes to the total environmental impact separately. 
4 Since the design of the dwelling has no impact on the periodic cost for transport of the inhabitants nor on the 
cost of water, the latter are not included in the calculation of the life cycle cost. Furthermore, a fixed electricity use 
is considered per household independently of the dwelling design and is therefore also excluded from the life 
cycle cost analysis. The importance of these three costs (electricity, water and transport of the inhabitants) to the 
life cycle cost is investigated separately (see PART B). 
5 LF = IF + PF + PFheating + EOL F 
6 LE = IE + IEtrans + PE + PEheating + EOL E 
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The consulted financial cost database (ASPEN, 2008a) contains data per unit constructed 
work section and thus a bill of quantities of work sections is made. For the environmental 
costs, however, the ecoinvent database is used, providing in- and outputs per kg (or m³) of 
produced material (including all in- and outputs until the gate of the factory). For the 
environmental cost, a bill of quantities of materials and processes is thus executed. Moreover 
for each material a transport scenario is assumed as elaborated in chapter 03. 
The environmental cost due to the transport of building workers is not considered since data 
are lacking. The same accounts for the environmental cost due to the construction activities 
at the building site. Although these omissions are common in most LCA studies of buildings 
(IEA, 2004f), the former one may not be negligible. This is suspected based on the results of 
the environmental cost analysis of transport means (figure 04.04). The environmental cost 
per tkm transport by van (frequently used for transport of building workers and materials to 
the construction site) is much higher (5 to 14 times!) than per tkm by lorry. 
The periodic costs (PF, PE, PT, PFheating, PEheating, PTheating, PFelectricity, 
PEelectricity, PTelectricity, PFwater, PEwater, PTwater, PFtrans, PEtrans, PTtrans) include 
costs for cleaning, maintenance and replacements; energy; water and transportation of the 
inhabitants.  
Cleaning, maintenance and replacement scenarios and their cost data are researched in 
literature. Different sources are consulted in order to gather the necessary data. Moreover, a 
comparison of the sources for identical processes reveals that data are diverging to an 
important extent.  
For the cleaning and maintenance scenarios (activities and their frequency) different sources 
are combined, more specifically ‘Guide Pratique pour l’Entretien des Bâtiments’ (a.a., 1991) 
and ‘Guide de la maintenance des bâtiments’ (Perret, 1995). However, these data are 
theoretical values and in the experience of the partners within the SuFiQuaD project the 
frequencies seem very high. Therefore these are adjusted to our own experience, which can 
be interpreted as more realistic frequencies. To illustrate this, internal wall finishing in 
gypsum plaster should be restored (5%) every 2 years according to ‘Guide de la 
maintenance des bâtiments’ (Perret, 1995); this is changed to a lower frequency of every 5 
years. The mortar joints of brick veneer should be controlled and restored (average 10%) 
every 3 years according to ‘Guide Pratique pour l’Entretien des Bâtiments’ (a.a., 1991); this 
is reduced to a frequency of every 30 years. 
The number of replacements is determined by the service life of the dwelling and the service 
life of the individual elements and work sections. In ISO 15686-1 the following agents are 
mentioned which affect the service life of building materials and components (ISO, 2006, p. 
23): 
- Mechanical agents: snow loads, storms, land slip, etc. 
- Electromagnetic agents: solar/UV, magnetic fields, lightning, etc. 
- Thermal agents: heat, frost, thermal shock, fire 
- Chemical agents: air humidity, lime, cement, salts, acids, etc. 
- Biological agents: bacteria, roots, termites, birds, worms, etc. 
The service life of dwellings and the individual elements and work sections are researched in 
literature and are mainly based on BCIS (2006), Perret (1995), BRE (2000), IVAM (1995), 
Blom (2005), SBR (1998), ABSW (2006), NIBE (Haas, Abrahams, & Groot de, 2006a) (Haas, 
Abrahams, & Groot de, 2006b), (Haas, Abrahams, & Verhees, 2008) and ELEA (ELEA, 
2007). 
The service life of the dwelling is a decisive parameter, but difficult to predict. A dwelling life 
span of 60 years is assumed. This life span is based on the observation of the average life 
span of dwellings in the current Belgian dwelling stock (FOD economie, K.M.O., Middenstand 
en Energie). The methodological choice to consider a life span longer than the average 
duration a household lives in the same house (30 to 45 years) is based on the fact that many 
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parts of the dwelling are difficult to improve, - without very high investment costs - also for the 
new dwelling owner. Examples are insulation of the floor on grade, improvement of cavity 
wall insulation and opting for another supporting structure. This relatively long life span 
therefore seems justified when striving for a more sustainable dwelling stock despite the 
uncertainties it involves. Because of its importance and uncertainty, a sensitivity analysis is 
executed for a life span of 30 and 120 years. It might seem unrealistic to make predictions for 
120 years. The purpose of the analysis is to investigate if this would lead to completely 
different decisions than for the assumed life span of 60 years. It is thus only included to 
check the robustness of the results. 
A work section and/or element is replaced at the moment its performance7 is no longer 
acceptable. The quality level decreases over time and when unacceptable, maintenance or 
replacement occurs. Moreover it is possible that the performance criteria change over time. 
The following criteria are mentioned in the ISO 15686-1 document (ISO, 2006, p. 30): 
- Functional criteria: 
- Safety and security 
- Legal requirements 
- Structural performance 
- Protective performance and weather tightness 
- Comfort, hygiene and environment 
- Aesthetics 
- Operation of moving parts 
- Economic criteria: 
- Acceptable maintenance costs 
- Running costs in use 
- Availability of spare parts at reasonable cost 
The number of replacements of a building element is defined by dividing the life span of the 
building by the life span of the element minus one. If this result leads to an integer, then the 
integer represents the number of replacements8. If this number is not an integer9, no pro-
rating is used10 since pro-rating does not reflect the true activities (SETAC, 2003).  
For the replacements at the end of the life span of the dwelling, distinction is made between 
replacements which are necessary for living in the dwelling and replacements which are only 
needed for comfort or aesthetic reasons. The former ones are executed until the end of the 
life span of the dwelling, while the latter are dependent on the life span of the subparts to be 
replaced. It is assumed that subparts are not replaced anymore when the remaining life span 
of the dwelling is shorter than half of the life span of the subpart to be replaced11. 
Finally, it is possible that the quality decrease before replacement of certain elements leads 
to an increase of the environmental impact and financial cost. A decrease of the efficiency of 
heating systems for example will lead to more energy consumption. To consider this a time 
dependent model is needed for the LCA. However, the developed model follows a steady-
                                                 
7 Performance can be defined as a quality level of critical properties. The performance criteria are set by the 
building owner or may be imposed by the building codes and regulations. 
8 For example, if windows have a life span of 20 years and the life span of the building is 60 years, then the 
windows are replaced (60/20 - 1 =) 2 times (after 20 and 40 years). 
9 For example if the life span of the windows is 25 years instead of 20 years. The number of replacements is 
equal to 60/25 – 1 = 1,4 times. 
10 In LCA practice, two methods can generally be distinguished: pro-rating or not. Pro-rating means the calculated 
number is kept unchanged. In the example above the windows are replaced 1,4 times in case of pro-rating and 
two times in case of no pro-rating. 
11 For example: windows with a life span of 25 years, used in a dwelling with a life span of 60 years, will not be 
replaced anymore when the dwelling is 47,5 years old (60 – (25/2)). 
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state approach of life span average performances as is the current practice in LCAs of 
buildings (SETAC, 2003). 
For all replacements it is assumed that these concern replacement by an identical work 
section and/or element. Investigation of replacements by work sections/elements with a 
higher performance should be investigated manually but is not done within this research. 
The heating cost is calculated differently for the analysis at element and building level. At the 
element level, only transmission losses are (can be) considered. The corresponding costs 
are calculated based on the equivalent degree day method12. This method is selected since it 
enables to consider the solar and internal gains of the dwelling beside the transmission 
losses. 
For the analysis of the elements 1200 equivalent degree days13 per year are assumed based 
on the analysis of two case studies (detached (see. 11.04.02) and terraced dwelling (see 
11.06.03)). For both dwellings the number of equivalent degree days is calculated for 
different insulation values (K-value14). An average indoor air temperature of 18°C is 
assumed, in accordance to the EPB assumptions. Moreover, the glazed area and the air 
tightness of the dwellings are varied since these are important parameters. The results for 
both dwellings are presented in Figure 06.04. 
 
detached dwelling terraced dwelling 
Figure 06.04 Calculation of the equivalent degree days for a detached and terraced 
dwelling (GFA = gross floor area). 
It is noticed that the number of equivalent degree days linearly evolves with the K-value of 
the dwellings. The lower the K-value, the lower the number of equivalent degree days. Based 
on the analysis 1200 equivalent degree days is selected as basic scenario since this 
corresponds with well insulated dwellings. This therefore enables to determine the optimal 
insulation thicknesses of the different elements, assuming that the other elements are also 
well insulated. If the building elements of less insulated dwellings would be optimised, the 
number of equivalent degree days will most probably be higher and heating will thus be more 
important than assumed in the analysis in chapter 12. However, the average indoor 
temperature is an important parameter in the number of equivalent degree days. If the 
                                                 
12 The degree day method is an approach to estimate the yearly heat demand of buildings. The heat demand is 
proportional to the number of degree days. This number is determined by the difference between the indoor and 
outdoor average daily temperature, assuming a fixed average indoor temperature (18°C) and a monthly average 
outdoor temperature. Moreover, the calculation of the degree days is most often simplified by assuming a monthly 
average outdoor temperature. Furthermore, one assumes the heating period is limited to the months with an 
average outdoor temperature lower than a fixed temperature (15°C). By taking into account the internal heat gains 
and solar gains, the number of degree days is lowered and are defined as the equivalent degree days.  
13 A sensitivity analysis is made by assuming 1700 equivalent degree days. 
14 The K-value of a building refers to its total insulation value (a.a., 2007). It is obtained by multiplying the ratio of 
the average heat transmittance coefficient Um (W/m²K) and a reference value (Um,ref) with 100. The reference 
value depends on the compactness (C) of the building. For a compactness lower than or equal to 1 m, the Um,ref 
equals 1, for 1 < C < 4 m, Um,ref equals (C+2)/3 and for C ≥ 4 m, Um,ref equals 2 W/m²K. The Um value is calculated 
according to the Belgian norms specified in the Belgian official journal (a.a., 2007). 
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average indoor temperature would be lower than the assumed 18°C, then the number of 
equivalent degree days would decrease. A standard/high performance heating system 
(global installation efficiency = 68%) on natural gas is furthermore assumed (DPWB, 1984). 
At the dwelling level, the net heating demand (and production of domestic hot water) of the 
dwellings is calculated with the steady state Energy Performance for Buildings (EPB) 
programme (a.a., June 17th, 2005a). This is proved to be a good approximation for (more 
precise) dynamic energy simulations (Verbeeck, 2007). Although dynamic simulations might 
be preferred for a detailed energy study/optimisation of a dwelling, this is not the aim of this 
research. Some adjustments are made to the EPB method for use within this research. 
These adjustments relate to the improvement of the calculations of solar gains through 
windows, the improvement of the simulation of the installation components and a more 
correct estimation of hot water demand. Furthermore the rebound effect both in badly and 
well insulated dwellings is considered. 
The heat gains through windows are remodelled since the calculations in the current EPB 
available software programme based on detailed calculations15 prove not to be correct. This 
is illustrated in Figure 06.05 representing a comparison of the calculations in the LCA/LCC 
model with the EPB software for the yearly solar gains on a vertical window with left and right 
shading elements (overhang angles equal 15°). Important variations are seen in the 
south/east and south/west orientations. Similar conclusions can be drawn when varying the 
slope of the window. Moreover, these considerations are also valid for solar irradiation on 
thermal and photovoltaic solar panels. It is suspected that the transformation of the polar 
coordinates is wrongly calculated within the EPB software programme (Trigaux, et al., 2009). 
The solar gains are not only remodelled for the calculation of the energy demand (and 
overheating) but this adaptation is also included in the calculation of the E-value16 of the 
dwellings. 
 
Figure 06.05 Yearly solar gains on a test window in vertical position with left and right 
overhang angles – EPB software programme compared to EPB calculations in 
assessment model. 
                                                 
15 The EPB software programme foresees a simplified and detailed calculation method for solar gains. The 
simplified method assumes a default shading factor (Fs=0,6) to consider the shading effects of the surrounding 
elements on a window. The detailed method considers specific overhang angles of shading elements. The 
detailed method is more correct and therefore used within this research. 
16 The E-value of a building is a measure of its yearly primary energy use compared to a reference, multiplied by 
100 (a.a., June 17th, 2005b). The reference value (Echar ann prim en cons,ref) equals 115 x AT,E + 70 x VEPW + 105 x 
Vdedic,ref. AT,E is the enclosure (m²), VEPW is the volume (m³) and Vdedic,ref is the ventilation rate (m³/h). All are 
calculated according to the Flemish norms for the energy performance calculation of buildings (a.a., June 17th, 
2005b). 
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Within the EPB methodology, the efficiency of heating boilers is based on laboratory data 
and does not consider the sizing of the boiler. Within the Energy Performance Certificate 
(EPC) method however the age of the boiler and size is considered (Putzeys, Vekemans, 
Spirinckx, & Allacker, 2008). Therefore this method seems more appropriate to evaluate 
renovation potential of dwellings and is implemented within the developed model instead of 
the EPB method. The system efficiency is calculated according to EPC, except for high 
efficiency and condensing boilers. For these the efficiency is calculated on a monthly base in 
function of the heat losses and heat gains; and the control mechanism according to Van der 
Veken and Hens (Van der Veken & Hens, 2010). 
Although the production of domestic hot water is hardly influenced by the building design, it is 
included since this is often coupled with space heating. The net energy need for domestic hot 
water is proportional to the heated volume of the dwelling according to EPB (see formulae [1] 
and [2]). This leads to an under- or overestimation for small and large dwellings respectively. 
The PHPP methodology17, on the other hand, assumes the net energy demand for domestic 
hot water proportional to the number of inhabitants (see formula [3]) (Feist, Schnieders, 
Loga, Bisanz, Mangold, & Ebel, 2001), (Feist, et al., 2006). Since this seems a more realistic 
estimation, it is applied within the assessment model. The number of inhabitants is assumed 
to be equal to the number of bedrooms, increased with 1 (master bedroom is used by two 
persons). This is of course an assumption and might differ from reality. 
EPB (a.a., June 17th, 2005b, p. 22): 
ܳ௪௔௧௘௥,௕௔௧௛ ௜,௡௘௧,௠ ൌ ݎ௪௔௧௘௥,௕௔௧௛ ௜,௡௘௧  ൈ  ௕݂௔௧௛ ௜  ൈ maxሾ64;  64 ൅ 0,220ሺ ாܸ௉ௐ െ 192ሻሿ ൈ ݐ௠ [1] 
ܳ௪௔௧௘௥,௦௜௡௞ ௜,௡௘௧,௠ ൌ ݎ௪௔௧௘௥,௦௜௡௞ ௜,௡௘௧  ൈ  ௦݂௜௡௞ ௜  ൈ maxሾ16; 16 ൅ 0,055ሺ ாܸ௉ௐ െ 192ሻሿ ൈ ݐ௠ [2] 
With: 
– Qwater,bath i,net,m = monthly net energy demand for domestic hot water for shower or 
 bath i, in MJ; 
– Qwater,sink i,net,m = monthly net energy demand for domestic hot water for kitchen, in MJ; 
– rwater,bath i,net = reduction factor for the effect of pre-heating of cold water supply of  
 shower or bath by heat recovery from flow off, 
– rwater,sink i,net = reduction factor for the effect of pre-heating of cold water supply of 
 kitchen by heat recovery from flow off, 
– fbath i = part of shower or bath i in the total net energy demand for domestic hot water 
   of all showers and baths in the EPW volume, 
– fsink i = part of kitchen i in the total net energy demand for domestic hot water of all 
 kitchens in the EPW volume, 
– VEPW = total volume in m³, 
– tm = length of the specific month in Ms. 
PHPP, based on (Feist, Schnieders, Loga, Bisanz, Mangold, & Ebel, 2001, pp. VI 12-13): 
ܳ௪௔௧௘௥,௡௘௧,ௗ௔௬ ൌ ܥ௛௪ ൈ ሺ ௛ܶ௪ െ ௗܶ௪ሻ ൈ 4.186 ൈ 10ି଺ ൈ ܲ [3] 
With: 
– Qwater,net,day = net energy demand for domestic hot water in MJ/day 
– Chw = consumption of domestic hot water in litre per person, per day; 
– Thw = temperature of domestic hot water, default = 60°C 
– Tdw = temperature of cold supply water, default = 10°C 
– P = number of persons 
                                                 
17 The PHPP methodology is a steady state energy simulation method to estimate the energy use in passive 
houses. The methodology is translated into a spreadsheet model in order to investigate if dwellings fulfil the 
requirements to obtain the label of passive house and is used in different countries, amongst others Belgium. 
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Finally, the rebound effect is taken into account for low-energy and passive houses (higher 
average daily indoor air temperature) on the one hand and badly (or not) insulated dwellings 
on the other hand (lower average daily indoor air temperature). The latter is often the case in 
reality because of economic considerations. The rebound effect is calculated according to 
formulae 4 and 5 (Hens, Parijs, & Deurinck, 2010, p. 108). 
ܧ௛,௥௘௔௟ ൌ ቂ1 െ
௔ೝ೐್೚ೠ೙೏
ଵ଴଴
ቃ ൈ ܧ௛,ா௉஻  (MJ/year) [4] 
Where, Eh,real is the real energy consumption and Eh,EPB is the predicted consumption based 
on EPB calculation assuming an average daily indoor air temperature of 18°C. 
With: 
ܽ௥௘௕௢௨௡ௗ ൌ 100 ൈ ൤1,355 ൈ ቀ
௎೘
஼
ቁ
଴,ଵ଺
െ 1൨ (%) [5] 
Where, Um equals the whole envelope (average) thermal transmittance in W/(m² K), and C is 
the compactness of the building in m, equal to the ratio between the protected volume and 
the envelope surface area.  
Finally, within the energy calculations, active cooling of the dwellings is not considered. It is 
assumed that cooling in dwellings in the moderate climate of Belgium must be avoided. A 
good dwelling design, reduced window size, shading devices and passive cooling should be 
sufficient to avoid overheating. A detailed study of shading devices is beyond the scope of 
this study. To give an indication of the dwelling variants where overheating may be a problem 
- without shading devices or passive cooling - the overheating indicator Iover18 as calculated 
within the EPB is mentioned. The indicator is only mentioned when higher than the threshold 
value of 8.000 Kh. All options with an overheating indicator that is higher than 17.500 Kh 
(with shading devices) are excluded from the analysis. For the options with a value between 
8.000 and 17.500 Kh, it is investigated if an increased ventilation rate (3 air changes per 
hour) in summer and/or shading devices can overcome the risk of overheating (indicated by 
a value lower than 8.000 Kh). If not, these options are excluded from the analysis. 
The described adjustments of the efficiency of the technical installations, the energy need for 
domestic hot water, the rebound effect and the exclusion of cooling energy are only made to 
the calculation of the energy demand. The E-value of the dwellings is calculated according 
the EPB regulations without adaptations19.  
Since the above adjustments cannot be made in the EPB software programme, the EPB 
calculations have been modelled in the LCA/LCC model. This furthermore has the advantage 
that the building data only need to be input once. The modelling is conform addendum I 
(‘Bijlage I – Bepalingsmethode van het peil van primair energieverbruik van woongebouwen’) 
of the decree of the Flemish Government dated the 11th of March, 2005 concerning the 
determination of the requirements related to the energy performance and the indoor climate 
of buildings (a.a., June 17th, 2005a), (a.a., June 17th, 2005b). 
The electricity use for appliances and lighting is included in the analysis in order to 
investigate its importance to the life cycle costs. However, it is based on an average use in 
households in Belgium (5000 kWh/year) and is kept constant for all analysed dwellings. The 
                                                 
18 The overheating indicator (expressed in Kelvin-hour (Kh)) according to EPB is an indication of the risk for 
overheating by considering the excess heat gains (a.a., June 17th, 2005b). If the indicator is below the treshold 
value of 8.000 Kh, the chance that active cooling will be installed in future is assumed nihil. The maximum allowed 
value equals 17.500 Kh or thus one assumes that the chance for the installation of active cooling is 100%. For a 
value between 8.000 and 17.500 Kh, a linear increase from 0 to 1 is assumed. If the chance for active cooling is 
higher than 0% (or thus the overheating indicator is higher than 8.000 Kh), EPB assumes a fictive cooling (for an 
average indoor air temperature of 23°C). (a.a., June 17th, 2005b) 
19 Although the E-values are calculated according to the EPB regulations without adaptations, the calculation of 
the solar gains is adapted as described in Figure 06.05. However, the orientations of the dwellings are chosen in 
North/South or West/east directions, so that there is no difference to the EPB software calculations. However, for 
solar boilers under inclination, the E-values do differ from the ones calculated within the EPB software. 
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availability of natural daylight is assessed in the quality evaluation (see chapter 07). Since 
the electricity use is kept constant for all dwellings, it is not included within the calculation of 
the life cycle costs (LF, LE, LT) but is reported separately at the end of chapter 13. 
The same accounts for the financial and environmental cost due to water use. A fixed water 
use of 110 litres per person per day is assumed. As for the electricity cost, the cost for water 
is again excluded from the life cycle cost (LF, LE, LT), but reported separately at the end of 
chapter 13. 
A final process considered during the use phase is the transportation of the inhabitants. 
Although, according to the Annex 31 reports, transportation during use phase can cause 
environmental impacts as large as those for operating the building (IEA, 2004e), the same 
report states: “ […] there is currently no consensus between developers as to whether or not 
to take the transport of users into account in building environmental assessment tools. And 
when it is taken into account, there is no consensus on how to model it.” (IEA, 2004b, p. 3).  
For the above arguments, transportation of inhabitants is assessed within this research 
reporting the results separately (end of chapter 13). Yearly transport distances and means 
per inhabitant are estimated for on an average Belgian family based on Hubert and Toint 
(2002) and summarised in Table 06.04. 
Table 06.04 Average transport scenario for a Belgian family. 
Transport mean Average distance per person, per day (km)
passenger car (driving) 21,8
passenger car (passenger) 5,9
bus, tram or metro 1,5
train 3,7
bicycle 1,5
on foot 0,4
other 2,2
The EOL cost includes the cost for the demolition of the dwelling, transport to the EOL 
treatment location and the EOL treatment. The determination of the financial cost is 
elaborated in the previous chapter, while the external cost is elaborated in chapter 04. 
06.05 Measuring conventions 
Different measuring conventions are typically applied during the different phases of the 
design process. However, even at a certain moment in the design process different 
measuring conventions are used for the cost and energy calculations. This differentiation in 
conventions is not only confusing but also time-consuming. 
One can measure the building for example from the outside - which is typically done for 
energy calculations -, from the inside - to calculate net floor area - or at the axis of the 
elements – during sketch design. As is confirmed by Haapio and Viitaniemi, the measuring 
convention has a great influence on the results (Haapio & Viitaniemi, 2008). 
Within this research the axis of the primary layer of the elements is chosen as measuring 
convention. The primary layer is defined as the main part of the element and belongs to the 
rough work (De Troyer, Neuckermans, Havenne, & Simon, 1990, p. 129). This measuring 
convention avoids the need for re-measuring when other technical solutions for the building 
elements are selected. This is the only way to enable the analysis of a large number of 
dwelling alternatives. 
Since this convention has presumably an important impact on the results, its impact on the 
building volume and surface of the building skin is investigated in comparison with 
measurements at the in- and outside of the building elements.20. 
                                                 
20 This investigation is done in collaboration with Damien Trigaux. 
SUSTAINABLE BUILDING | KAREN ALLACKER 
P a g e  | 112  PART A | 06 The extended element method 
The analysis is done for a volume with a rectangular shape of which different sizes, ranging 
from 30 to 240 m², different shapes (length/width = 1, 2 and 4), different heights (2,6 m; 5,2 
m and 10,4 m) and different thicknesses of the building skin elements are considered. The 
variation of the thickness of the different elements is summarised in Table 06.05. 
Table 06.05 Variation of thickness of the elements in the building skin. 
 thickness (cm) 
element variant 1 variant 2 variant 3 
ground floor 21 26 41 
outer wall 24 29 39 
flat roof 21 33 51 
Within the graphs in Figure 06.06, Figure 06.07 and Figure 06.08 the surface of the building 
skin and the building volume are presented for the different variants of the building shape, 
assuming a thickness of the building elements according to variant 2 of Table 06.05. The 
analysis reveals that measuring conventions indeed have a great impact on the results with 
the highest divergence for the façade surface, ranging from +11% to +30% for the outer 
measures and from -3% to -6% for the inner measures, both in comparison to the axis 
measures. The largest divergence is noticed for the smallest dwellings. The building volume 
ranges from +15% to +38 % for the outer measures and from -5% to -8% for the inner 
measures, both in comparison to the axis measures.  
The variation of the thickness of the building skin elements is assumed to be due to higher 
insulation thicknesses. This means that this variation has no influence on the axis or on the 
inner measures. The thicker the elements are, the larger the divergence between axis and 
outer measures. 
Based on the above considerations, the outer measures are considered for the energy 
calculations within this research. A correlation is sought between the axis and outer 
measures for the analysed dwelling types so that the outer measures are automatically 
calculated. This avoids the need for re-measuring the outer dimensions when the technical 
solutions (and thus the thickness) of the elements is altered. 
 
 
Figure 06.06 Comparison of the floor surface for different building forms based on inner and 
outer measures in relation to axis measures. 
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Figure 06.07 Comparison of the façade surface for different building heights based on inner 
and outer measures in relation to axis measures. 
 
Figure 06.08 Comparison of the building volume for different building forms and heights 
based on inner and outer measures in relation to axis measures. 
Within the EPB method, the ventilation rate and thus the energy demand due to ventilation 
losses (and the corresponding E-value) are based on the volume of the dwelling. According 
to the measuring conventions for the EPB calculations the volume is measured at the outside 
of the dwelling. Since only the inner volume is ventilated, a correction is included in the 
formulae assuming the inner volume to be 80% of the outer volume. Since the inner volume 
is a fixed percentage of the outer volume, the ventilation rate (and the E-value) increases for 
higher insulation thicknesses when the axis measures are kept constant (the outer measures 
increase with increasing insulation level). To overcome this, the axis measuring convention is 
used to calculate the volume of the dwelling to determine the ventilation rate. The E-values of 
the dwellings are calculated both according to the EPB conventions (outer measures) and 
according to measuring the volume at the axis lines to investigate the difference. 
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06.06 Conclusions 
The hierarchic structure of the element method for cost control proves to be most appropriate 
for the modelling within this research project. It provides a response to the objective of 
developing a tool which is applicable during the different phases of the design process. 
Although it originally was developed for the analysis of financial investment costs, in this 
research it is extended for life cycle cost and environmental impact estimations. 
Different kinds of functional units (references) can be defined within comparative life cycle 
analysis of buildings. A differentiation is made between the design reference, the Gross Floor 
Area (GFA) reference, the Full Time Equivalent (FTE) reference and the environmental 
performance demand reference based on the PhD research of Andy van den Dobbelsteen 
(2004). For the first part of the analysis (chapter 12), consisting of the analysis of alternative 
technical solutions of the building elements, the design reference is used. The costs are 
expressed per unit of element for a life span of 60 years. For the analysis of the dwellings 
(chapter 13), the second part of the analysis, the GFA reference is used. The costs are 
calculated per m² floor area. Since the GFA often results in smaller impacts per m² floor area 
for larger dwellings, the analysis per inhabitant is added for the comparison of the dwellings. 
This corresponds with the FTE reference. Although the latter may lead to a fairer 
comparison, it is less robust since the number of inhabitants may change during the life span 
of the dwelling.  
Many data need to be sought which are required for both the LCA and LCC part of the 
research. These common data are described and include the bill of quantities of the 
elements and work sections; the scenarios related to cleaning, maintenance and 
replacements; the heating demand; the water use and the transport scenario of the 
inhabitants during use phase. Besides this common data, LCA and LCC specific data need 
to be collected too. This is elaborated in chapter 03 and chapter 05 respectively. 
For the calculation of the heating demand, the formulae within the steady state Energy 
Performance for Buildings (EPB) regulations are used. This is modelled in the LCA/LCC tool 
in order to enable desired adaptations to the software for the purpose of this research. The 
adaptations include a correct calculation of the solar gains, determination of the hot water 
demand based on number of inhabitants instead of on the volume of the dwelling, a refined 
calculation of the efficiency of the technical installation and considering rebound effects. 
Furthermore active cooling is not considered.  
In order to avoid the need for re-measuring the dwellings when the technical solutions of the 
elements are altered, the axis lines of the primary layer of the elements are selected as the 
measuring convention. However, the energy calculations are based on the outer measures 
which are automatically calculated based on the axis measures. This is done since it proved 
to have a great impact on the results. One exception is the determination of the building 
volume for the ventilation rate which is based on axis measures. This is to avoid higher rates 
for increasing insulation thicknesses. 
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CHAPTER 07 – QUALITY EVALUATION 
 
This chapter brings the difference in performance of dwellings into focus. The approach 
followed to integrate quality evaluation of dwellings in comparative sustainability assessment 
is elaborated. In order to obtain a single score - despite the differing nature of the wide range 
of aspects considered – a multi-criteria analysis is made. Based on the comparison of five 
methods, the most appropriate one for use within this research is selected. A general 
description of the methodology is followed by the elaboration of the implementation within 
this research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Multi-criteria analysis 
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07.01 Introduction 
The performance evaluation is added in view of the second objective of this research, more 
specifically for the optimisation of the sustainability of the current dwelling stock. Very small 
houses with little windows probably lead to the lowest environmental burden and financial 
cost. However, if nobody wants to live in these because of the bad dwelling conditions, then 
these are not sustainable dwellings. During the design of a dwelling, the architect and 
contractor implicitly consider performance alongside financial cost (and environmental 
impact) and an explicit performance evaluation is thus not needed. However, within the 
optimisation analysis of this research there is nobody to watch over the performance, 
requiring quality evaluation as a necessary aspect of the sustainability analysis.  
A similar approach is noticed in other sustainability assessment methods. The German 
Sustainability Building Certificate, for example, addresses 49 criteria. The first 15 are related 
to the environmental impact of buildings, two handle the financial cost issues and the 
remaining criteria comprise the quality aspects (German Sustainable Building Council 
(DGNB), 2009). The National Institute of Building Sciences in the US (NIBS) defines ‘high 
performance buildings’ as “buildings which address human, environmental, economic and 
total societal impact, are the result of an application of the highest level design, construction, 
operation and maintenance principles – a paradigm change for the built environment” 
(National Institute of Building Sciences (NIBS), 2005). Beside the environmental and financial 
aspects, a number of quality aspects are included within the assessment. A third example is 
the sustainability evaluation method for offices, provided by the Flemish Government 
(Flemish Government (DAR, LNE, AFM), 2007). This method considers three main aspects 
within the assessment: liveability and well-being, energy; and environment and sustainability. 
A fourth example is the International Energy Agency (IEA) Annex 32 report, ‘Building 
envelopes in a holistic perspective’ (Hendriks & Hens, 2000). This method differentiates 
three main aspects: functional requirements, image expected and internal constraints (costs 
and environmental impact). The former two relate to building qualities. The quality aspects of 
these evaluation methods are further elaborated in the next section. 
Finally, it is important to note that a quality evaluation is subjective since quality is 
appreciated differently by every individual. This chapter does not therefore pretend to provide 
an objective method or an absolute quality level definition. However, quality is one of the 
decision parameters of individuals and therefore will influence the final decision. The method 
described in this chapter is an attempt to transparently include this aspect in the 
sustainability analysis. It clarifies that people might be prepared to pay a higher price 
(financially and/or environmentally) for a better quality. Of course, every individual will make 
their own analysis based on their own criteria and preferences. 
07.02 Quality assessment 
The performance of dwellings consists of a wide range of aspects, different in nature, such 
as for instance functional characteristics, acoustical performance and safety. To come up 
with straightforward decisions, a single score is needed despite the differing character of the 
aspects. In accordance to the LCA and LCC approach, translating the qualities in monetary 
terms fits best within this research. Hedonic pricing, as described in chapter 04, is a valid 
approach to determine the price of dwelling qualities. Unfortunately, no such studies are 
known to date within the Belgian context. 
Since no study is available to translate the performance characteristics in monetary terms, a 
different assessment approach is required. Multi-criteria analysis (MCA) enables assessment 
of both quantitative and qualitative information without need for translation into monetary 
terms and is therefore selected within this research (Ampe, Geudens, & Macharis, 2008). 
The basics of MCA are elaborated in the next section. The implementation of the method is 
the focus of section 07.04, stating explicitly the considered set of objectives, the defined 
measurable criteria and the sets of weighting factors. The importance of the weighting factors 
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is investigated through sensitivity analysis in section 07.05 and conclusions are drawn in the 
final section. 
07.03 Multi-Criteria Analysis 
07.03.01 Concept 
Rather than a specific method, MCA is a family of methods. MCA can be defined as ‘a 
systematic process for trading off effects of various alternatives, taking into account all these 
aspects and values involved in the decision and synthesising individual contributions’ 
(Lombardi, 2007, p. 209). MCA establishes preferences between options by reference to an 
explicit set of objectives for which measurable criteria are established to assess the extent to 
which the objectives have been achieved (Dodgson, Spackman, Pearman, & Philips). The 
MCA approach is selected since it enables a transparent and explicit evaluation, it is based 
on a clear definition of the criteria used; and in accordance with different point of views 
different weighting of the criteria is possible (Lombardi, 2007). 
07.03.02 Comparison of quality assessment methods for buildings 
The above mentioned methods have been compared in terms of quality aspects and 
assessment method. A fourth method is added to the comparison, which is an explicit quality 
evaluation method, rather than a sustainability evaluation method. It concerns a method for 
the quality evaluation of housing in Belgium, entitled ‘Method for the evaluation of the quality 
of dwellings in the design phase’1 (a.a., 1991). The comparison reveals that although the 
main themes differ, many of the indicators do correspond (Table 07.01). 
Furthermore, all methods - except for the German Sustainable Building Certificate - require 
the building to fulfil minimum norms and regulations without including these in the evaluation 
method (no points are assigned). The German Sustainable Building Certificate is the only 
method that includes the quality assessment of the building process. The methods all use a 
hierarchical structure, consisting of main themes which are subdivided in several sub-
aspects. There is not a clear delimitation of the themes. While one method classifies 
‘connection to public transport’ for example within the theme ‘quality of the location’, this is 
classified within ‘energy and sustainability’ by another method.  
Comparison of the assessment methods reveals that the majority of the methods use MCA 
as the assessment method. The second and the fourth method do not yet propose an 
assessment method. The representation of the results differs. The German Sustainable 
Building Certificate uses a bronze, silver and gold certificate and uses a kind of spider 
diagram for the visualisation2. The sustainability evaluation method of offices (BE) assigns 
one to four stars to the buildings while no label equals the minimum requirements. The 
Quality evaluation of dwellings (BE) assigns the labels sufficient, good, very good and 
excellent based on the obtained score with a maximum of 100%. The labels are not only 
determined by the overall score, but also by some minimum requirements. 
The last method (quality evaluation of dwellings) is selected for implementation within this 
research since it fits best within the purpose of this research. It is the only method which 
focuses explicitly on dwellings and handles aspects as for instance minimum size of rooms, 
width of rooms and connection between rooms. The other methods are for buildings in 
general or for offices specifically. 
 
  
                                                 
1 Original title: “Methode voor de beoordeling van de kwaliteit van woningen in de ontwerpfase”. 
2 Spider diagrams are discussed in the next chapter. 
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07.03.03 Description of the selected method 
Within the selected method a differentiation is made between minimum requirements which 
the building should fulfil (and which do not obtain points) and other quality aspects. The 
minimum requirements are stability of the building; fire safety; air and water tightness; visual 
characteristics (for instance homogenous colour of façade finishing, horizontality of lines); no 
undesired access should be possible without the use of tools; no unhealthy or annoying 
emissions of materials should occur three months after application; and sustainable materials 
should be used. The latter is however not further specified. 
The qualities which are included in the quality evaluation are hierarchically structured. There 
are five main aspects: dimensional, functional and technical characteristics, the surroundings 
of the dwelling and the financial cost. Each of these is subdivided in different sub-aspects. 
The aspect ‘dimensional characteristics’ for example is subdivided in the sub-aspects: size of 
rooms, room width, window size + orientation and efficient use of floor area. Each sub-aspect 
is again subdivided in sub-aspects (sub-sub-aspects). The aspect ‘size of rooms’, for 
instance, includes the evaluation of the floor surface of each room. 
The importance of the different qualities is defined through the assigned weighting factors. 
These are defined by experts in the original method. They assigned weighting factors by 
giving a maximum score to each main aspect. These scores are listed in Table 07.02. 
The same procedure was followed for the sub-aspects in each main aspect: maximum 
scores were assigned which represent the importance of each sub-aspect. The sum of the 
maximum scores of the sub-aspects equals the maximum score of the main aspect to which 
it belongs. 
Each criterion within each sub-aspect can score between 0 and 10 points. Adding up all the 
maximum scores of the different criteria within one sub-aspect therefore could lead to a 
maximum score which is lower or higher than the assigned maximum score of the sub-
aspect. Therefore weighting factors were assigned by the experts to each criterion in such a 
way that the sum of the weighted maximum scores on all criteria within a sub-aspect equals 
the maximum score assigned to that sub-aspect. 
Table 07.02 Description of the main aspects and sub-aspects with their corresponding weighting 
factors within the original method, based on (a.a., 1991, p. 9) 
 
 
Global distribution of points Maximum points 
sub-aspects
Maximum points 
main aspects
Percentages % 
(max)
Dimensional characteristics 2.500 25%
   Size of rooms 1050
   Room width 650
   Windows size + orientation 500
   Efficient use of floor area 300
Functional characteristics 1.500 15%
   Available length for furniture 500
   Relation between the rooms 600
   Flexibility/adaptability 400
Technical characteristics 2.000 20%
   Suitability for use 200
   Hygro-thermal characteristics 300
   Acoustical performance 350
   Technical installations 850
   Surface of materials: maintenance 300
Surroundings of the dwelling 2.000 20%
   Direct surroundings 1000
   Broader surroundings 1000
Financial cost 2.000 20%
   Financial cost 2000
Total 10.000 100%
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If certain aspects are irrelevant, no score must be assigned3, resulting in a lower maximum 
score4. A correction factor is calculated by multiplying the obtained score by the value 
‘relevant maximum score / highest maximum score’. 
The quality of the dwelling is evaluated by formulating a set of objectives and by translating 
these into measurable criteria. This is done by the experts through the definition of score 
functions. These define the relation between a certain physical characteristic and the score 
assigned. In Figure 07.01 some examples of the defined score functions are shown: the size 
of the living room and kitchen; and for the window size in the living room for a household with 
four persons. 
The figure shows that different score functions are possible. Living rooms larger than 40 m2 
or kitchens larger than 14m² are neither appreciated nor depreciated more. The score of the 
window size, on the other hand, decreases when it exceeds a certain percentage of the floor 
area: the windows are then too large. A single score is calculated by the sum of the weighted 
scores. 
 
Figure 07.01 Score functions for size of living room/kitchen and for window size in the living room. 
07.04 Implementation 
The original method as described in the previous section is adapted for implementation 
within this PhD research. The adaptation concerns the exclusion of some of the quality 
aspects, updating of the score functions and reviewing of the weighting factors. 
07.04.01 Selection of the criteria 
To avoid double counting in the integrated approach, aspects considered in the cost 
(financial and environmental) assessment are excluded from the quality evaluation. Within 
the cost assessment, the dimensional and functional characteristics, as included in the 
original method, are not yet evaluated and are therefore kept unchanged. It is obvious that 
the last main aspect, the financial cost, is completely eliminated in the adapted method. The 
two remaining main aspects, namely technical characteristics and surrounding of the 
dwelling, require some adaptations which are described in the subsequent paragraphs. 
TECHNICAL CHARACTERISTICS 
As described in the previous section, several technical aspects belong to the minimum 
requirements (for instance stability of the building, fire resistance; and water and air 
tightness) and are excluded from the quality evaluation. The dwellings must fulfil the 
minimum requirements. The other technical aspects are summarised in Table 07.03, 
mentioning the maximum scores as assigned in the original method. The excluded criteria 
within the adapted method for implementation within this research are indicated in italics 
(between brackets). 
                                                 
3 For example, in a dwelling with 4 bedrooms, one does not need to give a score to the floor area of the fifth 
bedroom.  
4 The maximum score for the sub-aspect ‘size of rooms’ is lower for a dwelling with 4 bedrooms than for a 
dwelling with 5 bedrooms. 
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Table 07.03 Criteria and maximum scores for the sub-aspect ‘technical characteristics’ for the 
original method indicating the adaptations, based on (a.a., 1991, p. 135). 
 
The first sub-aspect ‘suitability for use’ consists of the two criteria: ventilation and safety – 
protection from falling. Ventilation is excluded from the quality evaluation since the minimum 
required ventilation rates according to the EPB regulations are implemented in the analysed 
dwellings. It is assumed that therefore a healthy indoor air quality is achieved. The 
accompanying costs (both investment and heating) are included in the cost evaluation. The 
exclusion of ventilation in the quality assessment results in a maximum score of the sub-
aspect “suitability for use” (safety only) of 100 points. 
The second aspect is the ‘hygro-thermal characteristics’. This aspect again includes two 
criteria: global heat insulation value of the dwelling and technical solution for the building 
skin: risk for internal condensation. The first criterion is eliminated since this is included in the 
cost analysis through the assessment of the heat demand during use phase. The second 
quality aspect, internal condensation, can possibly lead to a lower insulation value and thus 
to a higher heating demand and to a risk of fungi. Since this is related to the health of the 
inhabitants, it seems more appropriate to include it as a prerequisite rather than as a quality 
aspect. It is therefore excluded from the quality evaluation and the elements are composed in 
such a way that internal condensation cannot occur. The different construction alternatives 
are moreover assumed to be rightly executed so that internal condensation can neither 
appear due to a bad construction. This decision leads to the total omission of hygro-thermal 
characteristics in the quality evaluation, and thus to a total maximum score of 0 points. 
The sub-aspect ‘acoustical performance’ is kept since this is not yet included in the cost 
evaluation. 
The sub-aspect ‘technical installations’ again consists of different criteria: 
- Installations for the removal of water 
- Water distribution installation 
- Electric installation, installation for telephony, radio and TV-distribution 
- Gas installation 
- Heating installation 
- Elevator installation for multi-family dwellings 
- Sanitary equipment 
maximum
points
1. Suitability for use 200
(- Ventilation) (100)
- Safety: protection from falling 100
2. (Hygro-thermal characteristics) (300)
(- Global heat insulation value of the dwelling) (170)
(- Technical solution for the building sk in: risk  for internal condensation) (130)
3. Acoustical performance 350
- Acoustical insulation against noise from the exterior 100
- Limitation of noise transmission through shared walls and floors 150
- Limitation of noise transmission between rooms in the dwelling 100
4. Technical installations 850
- Installations for the removal of water 120
- Water distribution installation 120
- Electric installation, installation for telephony, radio, internet (data) and TV-distribution 120
- Gas installation 100
(- Heating installation) (160)
- Elevator installation for multi-family dwellings 140
- Sanitary equipment 90
5. Surface of elements: maintenance 120
(- Finishing of the exterior surfaces) (180)
- Finishing of the interior surfaces 120
Total 1520
technical characteristics
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The criterion ‘heating installation’ is excluded since this evaluates the efficiency of the system 
and is already included in the cost assessment. The exclusion of these criteria leads to a 
maximum score of this sub-aspect of 690 instead of 850 point. 
The last sub-aspect within the ‘technical characteristics’ is ‘surface of elements: 
maintenance’, evaluating: 
- The finishing of the exterior surfaces 
- The finishing of the interior surfaces 
Maintenance of the exterior surfaces concerns the periodicity of maintenance and 
replacements. This for example includes replacement of façade materials, painting of walls 
and windows and impregnation of wood parts. These maintenance aspects are excluded 
since these are already included in the cost evaluation. Maintenance of the interior surfaces 
evaluates the ease of cleaning and thus hygiene. This aspect is not yet included in the cost 
evaluation and is therefore maintained. The above considerations lead to a maximum score 
of 120 points instead of the original 300 points. 
Surroundings of the dwelling 
Although the surroundings of the dwelling is not evaluated in the analysis in this research, it 
is maintained within the evaluation. The input is however kept constant in order not to 
differentiate between the dwellings (identical score). It is however maintained, since the 
location of the dwelling is assumed to be an important quality aspect. The main aspect 
‘surroundings of the dwelling’ includes two sub-aspects: direct and broader surroundings. 
Both consist of different criteria. 
The ‘direct surroundings’ consist of 5 sub-aspects, whereof each again consists of sub-
aspects. The criteria are summarised in Table 07.04. The first four sub-aspects are 
maintained in the quality assessment since these are not yet evaluated in the cost analysis. 
The last sub-aspect, namely ‘comfort and services in the direct neighbourhood’ is adapted.  
Table 07.04 Criteria and their weighting factors for the sub-aspect direct surroundings for the 
original method, based on (a.a., 1991, pp. 157-158). 
 
  
Criteria weighting factor maximum score
PRIMARY NEEDS 400
1. Healthy and hygienic environment
1. Public sewerage system 15 150
2. Enough natural light, sunlight can enter the house, and the view is not obstructed. 5 50
3. Garden and/or terrace. 10 100
4. No overhead wire for high voltage electricity in the immediate surroundings. 10 100
SECONDARY NEEDS 350
2. Safe environment
1. Minimum 1,2 meter wide footpath when more than 120 cars pass by during rush-hour. 5 50
2. No streets with more than four traffic lanes between the house and the public services. 5 50
3. Connection for bikes and pedestrians to the public services. 5 50
3. Social contact
1. Green public area nearby 5 50
2. Playground nearby 5 50
4. Accessibility
1. Stopping place for public transport nearby 5 50
2. No level differences between the house and public domain 5 50
TERTIARY NEEDS 210
5. Comfort and services in the direct neighbourhood
1. Small shops nearby 6 60
2. Kindergarten nearby 6 60
3. Services available: water, gas, electricity and telephone 6 60
(4. Public telephone nearby) (4) (40)
5. Post box nearby 3 30
Total direct surroundings 960
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Within the original method it consists of the following criteria: 
- Small shops nearby 
- Kindergarten nearby 
- Services available: water, gas, electricity and telephone 
- Public telephone nearby 
- Post box nearby 
The sub-sub-aspect ‘services available: water, gas, electricity and telephone’ are maintained 
since these are not yet evaluated in the cost evaluation. A detailed analysis of the score 
functions of the other sub-sub-aspects reveals that a proximity of 50 meters or closer leads 
to a score of 10, while a distance of 600 m or more leads to a score of 0. This means that 
one evaluates the comfort of walking or cycling to the above facilities. When the facilities are 
further away than 600 m, one will probably take a car. Although commuter transport is 
included in the cost evaluation, this only concerns transport by car and public transport. The 
walking/cycling distance to the facilities nearer than 600 meter is thus maintained in the 
quality evaluation since this is not identical to the commuter transport evaluated in the cost 
analysis. 
For the presence of a telephone the same reasoning counts, but since to date mobile phones 
are so common, the proximity of a public telephone is assumed not to influence the quality of 
the dwelling and is therefore excluded from the quality analysis. 
Based on the above reasoning, the maximum score for the direct surroundings is 960 points. 
The aspect ‘broader surroundings’ consists of four sub-aspects. The first three sub-aspects 
are not included in the cost evaluation and are thus maintained in the quality assessment. 
The fourth sub-aspect ‘spatial criteria’ consists of two sub-sub-aspects: distance to city 
centre and number of transfer-points for public transport. The first performance is eliminated 
since this is already assessed in the cost evaluation by including the transportation of the 
inhabitants during use phase. The second sub-sub-aspect evaluates the distance to major 
important transfer points such as railway stations, bus and tram stops. Since this has an 
influence on the commuter travel during the use phase of the dwelling, it is assumed included 
in the cost assessment and is thus excluded from the quality evaluation. This results in a 
total score of 700 points instead of the original 1000 points for the broader surroundings. 
Table 07.05 Criteria and their weighting factors for the sub-aspect broader surroundings for the 
original method, based on (a.a., 1991, p. 166) 
 
  
weighting factor maximum score
PRIMARY NEEDS 350
1. Healthy and hygienic environment
1. Pleasure park (green) with a minimum surface of 2 ha. 15 150
2. Connection of the sewerage system to a water purification installation. 10 100
3. No annoying or dangerous installations nearby. 10 100
SECONDARY NEEDS 200
2. Safe environment
1. Footpaths everywhere along streets leading to public services. 10 100
2. Cyclepaths everywhere along streets leading to public services. 10 100
TERTIARY NEEDS 150
3. Comfort and services in the broader surroundings
1. Primary school in the broader surroundings 8 80
2. Village or neighbourhood center in the broader surroundings. 7 70
SPATIAL CRITERIA (300)
(1. Distance to city center) 15 (150)
(2. Number of transferpoints for public transport.) 15 (150)
Total broader surroundings 700
Criteria
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Resulting criteria and their weighting factors 
Adapting the existing method to the above remarks, the maximum scores and weighting 
factors are changed to the values mentioned in Table 07.06. 
Table 07.06 Description of the main aspects and sub-aspects with their corresponding weighting 
factors for the adapted method 
 
07.04.02 Revision of score functions 
An analysis of the quality aspects considered, indicates that the score functions related to the 
acoustical performance of the dwelling require a revision based on renewed norms and 
legislation in Belgium since 1991.  
The acoustical performance in the original method is based on NBN S 01-400. This norm 
defines a criterion from category I to IV for the airborne sound insulation and a criterion from 
category I to III for impact sound insulation. Moreover each category consists of a comfort 
and minimum level, indicated by ‘a’ and ‘b’ respectively. The difference between comfort and 
minimum level is 5 dB for airborne sound insulation and 3 dB for impact sound insulation. 
These regulations are to date transformed to fit into the European legislation. The new 
legislation (NBN EN-ISO 717) again foresees a normal and increased comfort level of 
acoustical performance. The normal comfort level represents a maximum of 30% of the 
people who are still in discomfort and the increased comfort level a maximum of 10%. On the 
element level, the new requirements express impact sound insulation and airborne sound 
insulation in a single value, Ln and R respectively, both expressed in dB. On the building 
level, one uses the single values of DnT,w and L’nT,w for airborne and impact sound insulation 
respectively. 
A comparison between the previous and new norms reveals that the new regulations 
demand higher sound insulation. The new norms are translated into the existing quality 
evaluation method, using the same approach as in the original method. 
07.04.03 Assigning weighting factors 
Due to the elimination of some of the performance criteria, the weighting factors of the 
original method are slightly changed. The resulting weighting factors are summarised in 
Table 07.06. 
Global distribution of points Maximum points 
sub-aspects
Maximum points 
main aspects
Percentages % 
(max)
Dimensional characteristics 2690 37,62%
   Size of rooms 1090
   Room width 690
   Windows size + orientation 610
   Efficient use of floor area 300
Functional characteristics 1620 22,66%
   Available length for furniture 500
   Relation between the different rooms 780
   Flexibility/adaptability 340
Technical characteristics 1260 17,62%
   Ventilation and safety 100
   Hygro-thermal characteristics (> prerequisite) 0
   Acoustical performance 350
   Technical installations 690
   Surface of materials: maintenance 120
Surroundings of the dwelling 1580 22,10%
   Direct surroundings 880
   Broader surroundings 700
Financial cost 0 0,00%
   Financial cost 0
Total 7150 100,00%
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07.04.04 Conclusions based on limited implementation 
The adapted method, as described above, is applied to four dwellings and to different 
technical solutions of the dwellings in order to investigate the importance of the different 
quality aspects to the total results. The four dwellings are a newly built detached house, an 
apartment and a terraced house; and a renovated terraced house (Allacker, De Troyer, 
Putzeys, Vekemans, & Spirinckx, 2008). 
 
Figure 07.02 Average quality score of the analysed dwellings: detached house (DH), terraced 
house (New_TH), apartment (AP) and renovated terraced house (Reno_TH). 
The results of this implementation reveal that the technical solutions only influence the total 
quality score to a minor extent, while the typology of the dwelling has a much larger influence 
(Figure 07.02). This can be explained by the fact that new technical installations are used for 
all dwellings. Furthermore all dwellings fulfil the current norms and regulations concerning 
acoustical performance. Based on this experience it is decided to include the quality 
evaluation in the case studies only to compare the dwellings and not to compare alternative 
solutions of the same dwelling. 
07.05 Importance of different household profiles 
From the previous section it could be concluded that the detached house is most preferred 
and the apartment the least. However, it is clear that the qualities of the apartment are more 
appreciated by some people than those of a detached house. This difference in appreciation 
can be translated in different weighting factors and is elaborated in this section. 
07.05.01 Methods to determine weighting factors  
There exist two important families of methods to determine weighting factors: the 
‘multi/attribute utility theory’ (MAUT) and the ‘outranking’ methods.  
- ‘multi/attribute utility theory’ (MAUT) 
The first family aggregates different criteria into a function which should be maximised. 
The idea is to describe the vision of the experts with an exact analytic form of utility 
function. The ranking of alternatives is then based on the assigned numerical values, in 
a complete pre-order. (Schreck, 2002) 
The Analytical Hierarchy Process (AHP) is a popular MAUT technique. The decision 
problem is decomposed into a hierarchy of sub-problems. At each level, the decision 
maker (expert) compares the criteria on that level to one another two at a time. The 
eigenvalue is then calculated for each node and the weighted contribution of each 
criterion is calculated. (Schreck, 2002) 
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- ‘outranking’ methods 
As defined by Schreck in his master thesis, “‘outranking’ methods represent binary 
relations between alternatives, given the preference of the decision maker, the quality of 
the valuations of the actions and the nature of the problem” (Schreck, 2002, p. 7). In the 
outranking methods, the decision maker must compare pairs of alternatives a and b 
according to the following preferences:  
- aPb: strict preference for one of the actions, 
- aQb: weak preference for one action, 
- aIb: indifference between the two actions, 
- aJb: inability or refusal to compare the actions. 
An alternative is preferred if “aQb” and “not bQa”, two alternatives are identical if “aQb” 
and “bQa” and two alternatives cannot be compared if “not aQb” and “not bQa”. 
(Schreck, 2002) 
For the determination of the weighting factors to represent different household profiles, the 
AHP technique is used. The next section focuses on the implementation within this research. 
07.05.02 Implementation of AHP within this research 
Four profiles of households are defined in order to investigate the impact of different 
preferences to the quality score of the dwelling5. It concerns a two-parent family with two 
children younger than 12 years, a couple without children, a single aged between 35 and 65 
and a single or couple aged 65+. The results for the four profiles are summarised in Figure 
07.03. 
two parent family with young children couple without children 
a single aged between 35 and 65 single or couple aged 65+ 
Figure 07.03 Weighting factors for four different household profiles. 
                                                 
5 The household profiles have been defined by BBRI within the SuFiQuaD project. The aim was not to cover all 
possible household profiles in the Belgian context but rather to investigate a limited number to illustrate its 
importance on the results. 
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For each of these household profiles, the quality aspects have been compared in pairs. 
Based on this comparison, the weighting factors are determined using the AHP technique. 
07.06 Conclusions 
A good quality is a prerequisite for sustainable buildings. The quality evaluation is therefore 
included - beside the financial and environmental cost - within this research. Quality is 
however a subjective aspect and cannot be assessed in a similar objective way as for the 
financial and environmental cost. However, a method is proposed in order to allow a 
transparent comparison of the quality of the analysed dwellings. In reality, of course, every 
individual will make his own analysis based on own criteria and preferences. A similar 
approach is noticed in other sustainability assessment methods such as for instance the 
German Sustainability Building Certificate.  
The selected method is a multi-criteria analysis and is based on an existing method for the 
quality evaluation of dwellings. The method is however adapted to avoid double-counting 
with the cost assessment of the dwellings and to update some of the indicators based on 
current regulations. Furthermore weighting factors are proposed based on four different 
household profiles. 
For the optimisation of the dwellings, in PART B of the dissertation, all optimised dwellings 
have a good technical quality. They fulfil the current norms and regulations. A quality 
evaluation is therefore only made to compare the dimensional and functional characteristics 
of the dwellings. 
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CHAPTER 08 – MULTI-OBJECTIVE MODELLING AND OPTIMISATION 
 
The optimisation methodology of the environmental and financial costs and the performance 
of the dwellings is described within this chapter. It concerns a multi-objective modelling in 
the context of the whole life cycle of dwellings through the determination of the Pareto-
optimal set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Optimisation of the dimensions of sustainability 
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08.01 Introduction 
Because of the complex character of buildings, the evaluation of sustainability requires an 
integrated approach based on comparative analyses and scenario modelling in order to 
understand the results and the influencing parameters. The different aspects of the 
assessment are elaborated in the previous chapters, while this chapter focuses on the 
methodology to search for actions in order of priority through the integration of the three 
aspects (quality, environmental cost and financial cost). In the first section (08.02), an 
overview is given of frequently used methods to date for the integrated evaluation of different 
aspects of complex issues (e.g. sustainability), explicitly mentioning the arguments for 
appropriateness within this research. Methods are found appropriate when these allow the 
research questions as formulated in the introductory chapter to be answered. The aim is to 
clarify how the environmental performance of the dwellings can be improved and what are 
the actions in order of priority. Furthermore, the aim is to investigate the financial 
consequences of these priorities. The method must therefore allow the analysis of decisions 
based on financial cost, on environmental cost and on the total cost (sum of both). Finally, in 
order to ensure a comparison and optimisation of different dwellings, the quality should be 
evaluated alongside the cost. In section 08.03 the implementation of the selected method, 
determination of the Pareto optimal sets, is described in detail. 
08.02 Existing sustainability evaluation methods 
08.02.01 Radar plots 
GENERAL CONCEPT OF RADAR PLOTS 
The radar plot is a tool, which can be used to visualize the different decisive aspects of 
complex issues. It enables the comparison of different alternatives by visualising the relative 
score of the various aspects. In a radar plot, scores on each aspect are plotted on an axis 
starting from the interior towards the outer boundary of the radar, in which the lowest scores 
are to be found in the centre of the radar plot. The scores may be qualitative or quantitative, 
in which the centre of the web represents a score of zero, whereas the outer edges represent 
the highest score. The score on each aspect is plotted on this range assuming that a higher 
score represents a better performance. Nevertheless, there is no weighting between the 
aspects. A score of 7 on one aspect does not necessarily mean that it is a better score than 
a score of 6 on another aspect (Baycan-Levent, Bruinsma, & Nijkamp, 2007). 
INTERPRETING A RADAR PLOT 
The envelope generated by linking all scores per aspect defines a surface representing the 
performance of the alternative on each aspect. It should be recognised that the size of the 
area has no significant meaning, since the information on the axes has only a qualitative 
meaning and the size of the resulting area depends on the order in which the axes are 
positioned (Baycan-Levent, Bruinsma, & Nijkamp, 2007). A larger surface only definitely 
represents a better score when the enlargement is due to a higher score on all aspects. The 
question then arises of whether a radar plot is still necessary for such evidence. 
THE RADAR PLOT FOR COMPARATIVE ANALYSIS 
The radar plot can be used for comparative analysis when starting from a reference situation 
and comparing this with an alternative. Figure 08.01 illustrates the possibility of radar plots 
for comparative analysis. It is taken from research carried out for the city of Utrecht, in The 
Netherlands. On the figure, one starts from the reference situation (indicated with the grey 
field) and visualises the desired and expected situation on the same radar plot. 
THE RADAR PLOT WITHIN THIS RESEARCH 
The radar plot is a visualisation tool but is no calculation model in the sense that it does not 
integrate the different aspects in any way. Although a tempting method because of its nice 
visual representation, the drawback is that the aspects are not integrated at all and can only 
be wrongly interpreted by plotting un-weighted values on an identical axis. The use of the 
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radar plot within this research would imply plotting the different costs (initial financial cost, life 
cycle financial cost, initial external cost and life cycle external cost) and qualities on different 
axes. Although it would provide an overview of the different aspects separately, it does not 
integrate these in order to make straightforward decisions. The radar plot is therefore found 
unsuitable for this research. 
 
Figure 08.01 The present, expected and desired performance of the Utrecht region (Bruinsma et al., 
2001)1 (Baycan-Levent, Bruinsma, & Nijkamp, 2007, p. 251). 
08.02.02 Cost – Benefit Analysis and Pareto optimisation 
GENERAL CONCEPT OF COST-BENEFIT ANALYSIS 
In 1844, the French engineer and economist Dupuit laid the theoretical foundations for Cost-
Benefit Analysis (CBA). A CBA is a process which involves weighting the total expected 
costs against the total expected benefits in order to choose the best or most profitable option. 
It is the standard framework for evaluating decisions from an economic perspective. 
Within multi-objective optimisation there is typically no single global solution. It is therefore 
necessary to determine a set of optimal options which all correspond to a predetermined 
definition of optimum. As stated by Marler and Arora (2004), the predominant concept in 
defining an optimal point is that of Pareto optimality. According to the Pareto principle, the 
options from the considered population of options are optimal (non-dominated) if there is no 
other option that improves one objective without simultaneously worsening at least one other 
objective. The several objectives are treated equally and thus no weighting is performed. 
The concept is illustrated in Figure 08.02 for a minimisation problem of objectives f1 (e.g. 
investment cost) and f2 (e.g. life cycle cost). Option D is superior to option E since 
f1(D)<f1(E) and f2(D)<f2(E), it requires a lower investment and life cycle cost. Option D and 
F, on the other hand have the same life cycle cost (f2(D) = f2(F)), however, F requires a 
higher investment. Therefore option D is superior to option F. Since f1(G)>f1(D) and 
                                                 
1 Bruinsma, F.R., Nijkamp, P., and Vreeker, R., Experts at Arm’s Length of Public Policy Makers: A Case Study 
on Utrecht’, in: Recent developments in evaluation, H. Voogd (ed.), Geo Press, Groningen, pp. 123 -152, 2001. 
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f2(G)<f2(D), neither is superior and thus both options are Pareto optimal. Or thus, within a 
minimisation problem, all solutions above and to the right of other solutions are excluded in 
order to obtain the Pareto front. 
 
Figure 08.02 Pareto front or Pareto set for two minimisation objectives. 
If the same reasoning is held for all options of the population, the options situated on the 
dotted line are the subset of Pareto optimal solutions, also entitled as Pareto front or Pareto 
set. For optimisation of two objectives, the Pareto front is obviously a curve, while for three 
objective optimisation problems, the Pareto front is a surface. Although impossible to 
visualise, Pareto optimisation of more than three objectives is possible. 
Furthermore, although B is situated on the Pareto front, this option can be questioned since 
the slope of the decline is low compared to the further decline to option H (dashed line). If the 
budget allows it, one should immediately opt for option H instead of B. 
The concept of Pareto optimality has been used within a comparable context as this 
research, for instance in the PhD thesis of Griet Verbeeck entitled ‘Optimisation of extremely 
low energy residential buildings’ (2007).  
CBA AND PARETO OPTIMISATION WITHIN THIS RESEARCH 
The Pareto concept seems most appropriate for the purpose of this research. It enables the 
optimisation of the different aspects equally (no weighting required). By defining different 
optimisation objectives the research questions can be investigated. The objectives would be 
minimising investment cost and life cycle cost and maximising quality. Moreover, the cost 
can be divided into initial and life cycle cost distinguishing financial and environmental cost. 
This enables investigation of actions in order of priority in the sense that optima can be 
sought based on:  
- the maximum reduction of the life cycle cost for the smallest increase of investment 
cost, for financial cost, external cost and sum of both (total); 
- the maximum reduction of the life cycle external cost for the smallest increase of 
initial or life cycle financial cost; 
- the maximum quality increase for the smallest increase of investment and/or life cycle 
cost. 
Moreover, the Pareto sets determined on the above objectives allow investigating if these 
criteria lead to identical conclusions.  
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G
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The complete Pareto set, as defined as the dotted line in Figure 08.02, is determined within 
the optimisation procedure. However, the results are presented both graphically and in table 
format, enabling to select the most interesting Pareto optima from the complete set (dashed 
line in Figure 08.02).  
08.02.03 Multi-criteria analysis 
A description of the general concept of MCA is given in the previous chapter. Implementation 
of the method for the integrated evaluation within this research would imply weighting of the 
cost (financial + external) and the qualities in order to obtain a single score. The most 
preferred dwellings are those with higher qualities and lower costs. To enable the calculation 
of a single score, the direction of both need to be synchronised. This can for example be 
done by determining the savings compared to a reference dwelling and strive for the highest 
savings. 
There are two arguments against the use of MCA in the context of this research. The first 
concerns the need for the assignment of subjective weighting factors to quality and cost. 
Secondly the single score, obtained through MCA, does not allow differentiating between 
initial and life cycle cost on the one hand and between financial and external costs on the 
other hand, which are both needed to answer the formulated research questions. This 
method is therefore found inappropriate within the context of this research. 
08.03 Conclusion and implementation within this research 
Measures in order of priority are searched to efficiently move towards more sustainable 
dwellings. Pareto optimality is selected as most appropriate method for this purpose. It is 
used to investigate the optimisation potential - and to determine the priorities - of dwellings in 
the Belgian dwelling stock with current available technology. 
Pareto sets of optimal solutions are determined for each case study (chapter 12 and chapter 
13) for the different objectives formulated. The optimisation concerns a marginal comparison 
of costs in order to select the most optimal ones out of a range of proposed options. The 
result is a set of optimal solutions (improvements) starting from a reference dwelling.  
08.03.01 Search for the Pareto set within the generated population 
A population of options is generated for each of the analysed dwellings, whereof the most 
optimal solutions on the Pareto front are sought. This population is generated by considering 
all possible combinations of predefined technical solutions of each of the building elements. 
The optimisation of the dwellings is executed in two steps. The first step is without 
consideration of the quality and optimises the costs of a specific dwelling. Starting from a 
reference dwelling different cost optimisations are investigated for a number of technical 
solutions of the building elements. Secondly, to enable comparison of the different dwellings, 
the quality is compared. 
Since three objectives are strived for: minimum financial cost, minimum external cost and 
maximum quality, a Pareto surface should be determined. However by adding the external 
cost to the financial cost, the number of objectives is reduced to two and the Pareto surface 
becomes a curve. This has the advantage of a reduced number of optimal solutions on the 
Pareto front. 
08.03.02 Marginal comparison of the life cycle costs of the dwellings 
For the assessment of a specific dwelling by optimising the technical solutions of the 
constituent building elements, the qualities are not considered because of the reasons 
mentioned in the previous chapter. The following objectives are considered for the cost 
optimisation of the dwellings: 
- Lowest life cycle financial cost and lowest financial investment 
- Lowest life cycle environmental cost and lowest environmental investment 
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- Lowest life cycle total cost and lowest total investment 
- Lowest life cycle environmental cost and lowest financial investment 
- Lowest life cycle environmental cost and lowest life cycle financial cost 
Moreover, the obtained Pareto sets are compared in order to investigate if decisions based 
on the different objectives are identical. 
08.03.03 Marginal comparison of the life cycle costs and the qualities of the dwellings 
In order to enable comparison between the different dwelling types, the qualities are included 
in the optimisation procedure. In contrast to the cost optimisation, now the objectives are 
maximisation on the one hand (quality) and minimisation on the other hand (cost). This is 
illustrated in Figure 08.03, plotting the qualities on the vertical axis and the cost on the 
horizontal axis. The ‘Pareto front’ (dotted line) is now the upper side of the total set of 
solutions. As for the cost analysis in Figure 08.02, again the Pareto optima with the highest 
inclinations can be selected as most interesting from the complete set (dashed line). 
 
Figure 08.03 Pareto front or Pareto set for f2 = cost and f1 = Q. 
08.03.04 Constraints 
It is possible that some options with too high an investment cost should be excluded because 
these are unaffordable. This can be done by adding a budget restriction to the analysis. All 
options with a higher investment cost than the budget restriction should be excluded from the 
possible solutions. Within this research no budget restriction is assumed, although 
notification is made when the investment seems extremely high. 
Additionally a minimum marginal return can be defined. This means that a cut-off-value is 
defined, demanding a marginal return higher than this cut-off-value. This cut-off-value 
represents the fact that other operations (not considered within the analysis) are assumed 
more cost-effective than the considered improvements. Within this research no cut-off-value 
of marginal return is defined, however – as for the budget restriction – it is noted when the 
extra required investment seems very high in comparison to the reduction obtained in the life 
cycle cost.  
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IMPLEMENTATION – TYPOLOGICAL ANALYSIS 
  
 
CHAPTER 09 – TYPOLOGICAL ANALYSIS - INTRODUCTION 
 
This chapter places the second part of the dissertation in the overall work. The research 
questions related to PART B are summarised and the implementation steps of the 
methodology are elaborated. These consist of a translation of the developed method into an 
assessment tool, the implementation to several building elements and to sixteen dwellings. 
The analysis provides insight into the life cycle environmental impact, the financial cost and 
the performance of the dwellings. The selected dwellings are similar to (and thus 
representative for) many of the dwellings in the current dwelling stock. The analysis does not 
only reveal actions in order of priority for newly built dwellings, but also identifies the most 
important processes that contribute to the life cycle cost of existing dwellings. Although 
renovation actions are not investigated specifically, the results of the analysis provide insight 
into the optimisation potential of the existing dwelling stock. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Typological analysis 
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09.01 Research objectives related to PART B 
As elaborated in the introductory chapter, one of the aims of this research is to inform the 
decision maker on the life cycle financial and environmental costs of his/her dwelling so that 
these can be considered within the decision process. A quantitative method is developed and 
described within PART A of the dissertation. 
Within PART B, the translation of the methodology into a tool is elaborated in chapter 10. 
This tool could be used to make a sustainability assessment by each individual decision 
maker. However, for those who do not want to make a detailed assessment, actions in order 
of priority are sought within the subsequent chapters (chapter 11 and 12).  
PART B of the dissertation thus focuses on the last four research questions. 
“What is the environmental performance of dwellings to date?” 
“How can the environmental performance be improved and what are actions in order of 
priority?” 
“Are the measures for environmental improvement financially affordable?” 
“Are the measures for environmental improvement financially justified based on life span?” 
In order to respond to the first research question, representative dwellings for the existing 
Belgian dwelling stock are selected and analysed. The costs-in-use and at the end of the life 
cycle are of interest and are thus focused on. Furthermore, not only the impact of the existing 
dwellings is of importance for the first research question, but also the impact of the currently 
built dwellings. Therefore, the same buildings are analysed but assumed newly built, 
assuming construction techniques and insulation levels which are commonly used to date.  
To respond to the last three research questions, an optimisation of the selected dwellings is 
carried out. The optimisation focuses on new constructions. However, many of the identified 
measures are also valid for renovation. 
09.02 Translation of the developed methodology into an assessment tool 
The methodology is translated into an assessment tool which can be used during the 
different phases of the design process. The tool is structured according to the element 
method (as elaborated in chapter 06) allowing rough estimations early in the design process 
and a fully detailed analysis further on in the process.  
Both the environmental and financial costs are calculated based on identical input. Since the 
cost estimation already belongs to the task of an architect, the environmental cost is 
additionally calculated without extra workload. The inclusion of the energy calculations - 
conform the Flemish EPB regulations - furthermore avoid the need for double input (cost and 
EPB). A reduction of the input time is thus even achieved and the workload of the architect is 
reduced. Moreover, the chance for contradictory input between cost and EPB calculations is 
avoided. 
Besides the analysis at the dwelling level, the tool allows the analysis to be limited to one (or 
more) building elements of interest. This can be done at the element level, expressing the 
costs per unit of element. The heating demand is then of course limited to the transmission 
losses and estimated based on the equivalent degree days. The analysis of one element can 
however also be done at the dwelling level, by altering only the element(s) of interest and 
keeping the other elements unchanged. The costs are then expressed per m² floor. The 
energy costs are then calculated according to the EPB regulations. The second method is 
more precise, but requires more input time (all elements need to be defined). 
The tool can both be used to analyse a single option of a dwelling or for the optimisation of 
the dwelling. The tool is further described in chapter 10. 
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09.03 Implementation through a typological assessment 
09.03.01 Selection of the case studies 
The case studies are selected in order to enable determination of the environmental 
performance of dwellings to date. Both the impact of the existing dwellings and the impact of 
newly built dwellings – according to common practice – are of interest. 
Based on a rough screening of the current Belgian dwelling stock, four dwelling types 
(detached, semi-detached, terraced and apartment) are selected and four building periods (< 
1945, 1945 – 1970, 1971 – 1990, 1991 – 2001) are identified. This results in a selection of 
sixteen dwellings which are of frequent occurrence in the current dwelling stock. 
To enable the analysis of the impact of the existing dwellings, the ‘remaining’ costs are of 
interest. These ‘remaining’ costs consist of the costs-in-use (heating, cleaning, maintenance 
and replacements) and the EOL cost. A reference for each time period is defined to allow 
estimating these ‘remaining’ costs.  
A reference is moreover defined for newly built dwellings in order to enable the analysis of 
the life cycle impact of common practice to date (current construction techniques and 
insulation level). The layout, the size and the element ratios (including window area) of the 
selected dwellings are kept unchanged.  
The contribution of the different life phases and processes of both the existing and newly 
built dwellings to the life cycle cost is investigated. This gives insight into the priority of the 
actions. Furthermore, an optimisation is made to specify these priorities in more detail, 
focusing on newly built dwellings.  
The results of the element analysis are used to define the optimisation measures. However, 
the optimisation of one specific dwelling is limited to material choice, insulation level and 
choice of technical installations1. The importance of the optimisation of other building 
characteristics is determined based on the comparison of the different dwellings. 
Although the optimisation focuses on new buildings, many of the priorities identified are valid 
for renovation too. Some of the measures are however technically impossible or require a 
higher financial cost (within the analysis the costs for new buildings are considered).  
The dwelling characteristics are summarised for each of the dwellings in chapter 11. Within 
this research, these are more important than the period the dwellings represent. Important 
characteristics are the dwelling size, volume, compactness and element ratio (including 
windows). 
09.03.02 Analysis at the element level 
The analysis at the dwelling level is preceded by an analysis at the element level. This 
enables the analysis of many alternative solutions for each of the elements of which only a 
selection is maintained for analysis at the dwelling level. This is done in order to limit the 
number of rapidly increasing simulations (combinations) at the dwelling level. 
Furthermore an average life cycle environmental cost is determined for current practice of 
each of the elements. This enables rough estimations of the environmental cost at the 
dwelling level to be made during sketch design. Furthermore the life cycle environmental 
impact is calculated for an optimised variant of each of the elements which can be used to 
estimate the optimisation potential (due to material choice and insulation level) during the 
design process. 
For the analysis at the element level, the most important elements (in terms of costs) are 
analysed. It concerns the ground floor, the outer and inner walls, the roofs and the technical 
                                                 
1 As for the definition of the newly built reference dwelling, the layout, the size and the element ratios (including 
window area) of the dwellings are kept unchanged for the optimisation procedure. 
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installations. For each of the elements, a reference is defined which represents current 
practice. This is elaborated in chapter 12. 
09.03.03 Analysis at the dwelling level 
For each of the sixteen dwellings a detailed analysis is made of the environmental and 
financial costs. The research questions as defined above are analysed for each of the 
dwellings. This is elaborated in chapter 13. 
For the reporting of the results, the same structure is maintained for each of the dwellings. 
This is done so that the evaluation of each of the dwellings can be read separately. This, 
moreover, must allow a quick screening of the other dwellings if the results of one dwelling 
are read in detail. 
The analysis consists of a detailed description of the Pareto optima based on the earlier 
defined criteria. As described above, it concerns the optima for newly built dwellings of which 
the layout, size and window area are identical to the dwelling representative for that period.  
To investigate the optimisation potential of common practice to date, the results of the 
optimisation are compared with the life cycle cost of the defined reference for newly built 
dwellings. 
To investigate the optimisation potential of the existing dwellings, the life cycle costs of the 
optimised dwellings are compared with the ‘remaining’ costs of the defined reference for the 
considered period. Moreover, the analysed variants of the elements range from non-
insulated options to very well insulated ones. This allows investigation of the different 
priorities for the renovation of the existing dwellings. Furthermore, the consideration of 
element options which are not conform current energy regulations (higher U-values than 
currently allowed), enable questioning the latter. 
The cost for water, electricity and transport of the inhabitants is not included in the life cycle 
cost of the dwellings. Since these costs are assumed fixed for all dwellings, these costs are 
analysed separately at the end of chapter 13. The importance of these compared to the other 
(investment, heating, cleaning, maintenance, replacements, EOL) life cycle costs is 
investigated. 

CHAPTER 10 – ASSESSMENT MODEL 
 
This chapter describes the translation of the developed methodology into an assessment 
tool. The tool is structured according to the element method and can be used during the 
different phases of the design process. The model is an excel spreadsheet consisting of 
three levels and structured in different worksheets. The lowest level consists of the 
necessary databases, the second level general building data and the data concerning each 
of the building elements. The highest level combines the elements and the general data at 
the building level. Finally there are a number of underlying data and calculations which are 
kept in separate (hidden) worksheets such as the energy calculations, the window 
parameters, climate data and efficiency of heating installations. A general overview of the 
structure is given and the main input requirements and output results are summarised. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spreadsheet: LCA_LCC model  
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10.01 General structure of the model 
The structure of the spreadsheet model consists mainly of three levels. At the bottom level 
the databases, both financial and environmental, are located. At the middle level, general 
data, element data and the EPB calculations are situated. The building calculations are 
performed at the highest level. Each level requires input from the lower levels. The general 
layout is presented in Figure 10.01. 
Each of the boxes represent a separate worksheet in the excel tool. However, the windows 
comprise four sheets, one for each orientation of the facades (limitation of four orientations).  
Input is required in each of the worksheets, except for the dark- bordered boxes (databases 
and EPB). The EPB worksheet however retrieves the required input from the ‘general data’, 
the ‘heating installation’ and the ‘building’ worksheet. A clear differentiation is made between 
input and output cells through the layout of the worksheets. 
Although the elements are defined as independently as possible, some interrelations are 
unavoidable. As indicated in the figure (dashed line), two options exist. If the analysis is 
executed at the element level, one should also provide input in the worksheets of the 
connected element1. The necessary data is retrieved automatically via the building worksheet 
if an analysis is made at the dwelling level. 
Finally there are a number of underlying data and calculations which are maintained in 
separate (hidden) worksheets such as the window parameters, climate data and efficiencies 
of heating installations. The general principle of the different worksheets is briefly described 
in the subsequent paragraphs. 
 
Figure 10.01 Structure of the spreadsheet model. 
10.02 Database worksheets 
10.02.01 Database financial cost 
The database of the financial cost of the work sections is organised as described in chapter 
06. Each row represents one work section, of which the different costs are distributed over 
the different columns. The first two columns describe the work section through the BB/SfB 
code and description. The third column gives the source of the financial costs, while in 
column four the functional unit is defined. From column five on, the costs are summarised 
and consist of initial material and labour cost (and the sum of both), the cleaning and 
maintenance costs and finally the EOL cost. There is moreover the possibility to foresee two 
                                                 
1 If this occurs it is indicated in the specific worksheet. 
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types of maintenance costs, entitled as small and big maintenance. The latter has a lower 
frequency if both occur. 
Table 10.01 Example of some records in the financial cost database. 
 
10.02.02 Database external cost 
The database of the external cost is structured in a similar way (Table 10.02). The initial cost 
consists of the production cost (cradle-to-gate cost) and the transport cost to the construction 
site. The EOL cost is now split up into demolition cost, transport cost and EOL treatment 
cost. Finally the thickness and the thermal characteristics are summarised if appropriate. 
Although not shown in Table 10.02, the emissions and impacts for each of the effects 
considered are included in the database. This is for example illustrated for the production 
phase in Table 10.03 (key pollutants) and in Table 10.04 (extra impacts). These data are 
included for each of the costs as presented in Table 10.02. For the remaining description in 
this chapter only environmental costs are mentioned, although at each level all emissions 
and impacts are calculated too. 
Table 10.02 Example of some records in the environmental cost database. 
 
Table 10.03 Example of the key pollutants as included in the environmental cost database. 
 
Table 10.04 Example of the extra impacts as included in the environmental cost database. 
 
10.02.03 Calculation procedure database external cost 
As elaborated before, the financial cost could immediately be retrieved from the Aspen 
database. The inventory for the environmental cost calculation however was only available 
per kg or m³ of material. These data therefore first needed to be re-calculated per unit of 
work section. This procedure is illustrated in figure 10.02. 
BB/SfB DESCRIPTION source FU
IF 
material
IF 
labour IF
PF 
cleaning
PF 
small 
maint.
PF big 
maint. EOL F
(€/FU) (€/FU) (€/FU) (€/FU) (€/FU) (€/FU) (€/FU)
(21.1)Ff1(D6) - 10 sand-lime brick - (290x140x140) ASP08_p. 293 m² 20,00 41,31 61,31 0,00 0,00 0,00 3,29
(21.1)Ff1(D6) - 20 sand-lime brick - (300x150x150), glued ASP08_p. 379 m² 17,94 31,79 49,73 0,00 0,00 0,00 3,56
(21.1)Ff2(D6) - 10 hollow concrete blocks (290x140x190)  ASP08_p. 379 m² 10,80 43,37 54,17 0,00 0,00 0,00 3,62
(21.1)Fg2(D6) - 14 building bricks (290x140x140) ASP08_p. 345 m² 16,56 41,10 57,66 0,00 0,00 0,00 2,84
BB/SfB DESCRIPTION FU
IE 
prod.
IE 
trans. IE
PE 
cleaning
PE small 
maint.
PE big 
maint.
EOL 
demol. 
E
EOL 
trans. 
E
EOL 
E
EOL E 
total d lamdba R
(€/FU) (€/FU) (€/FU) (€/FU) (€/FU) (€/FU) (€/FU) (€/FU) (€/FU) (€/FU) (m) (W/mK) (m²K/W)
(21.1)Ff1(D6) - 10 sand-lime brick - (290x140x140) m² 2,33 0,72 3,05 0,00 0,00 0,00 0,91 0,48 0,02 1,41 0,14 0,56 0,25
(21.1)Ff1(D6) - 20 sand-lime brick - (300x150x150), glued m² 2,35 0,81 3,17 0,00 0,00 0,00 0,99 0,52 -0,46 1,05 0,15 0,52 0,29
(21.1)Ff2(D6) - 10 hollow concrete blocks (290x140x190)  m² 2,97 0,80 3,77 0,00 0,00 0,00 1,00 0,53 4,37 5,90 0,19 nvt 0,11
(21.1)Fg2(D6) - 14 building bricks (290x140x140) m² 3,94 0,62 4,55 0,00 0,00 0,00 0,79 0,42 -0,48 0,72 0,14 0,41 0,34
BB/SfB DESCRIPTION FU IE prod. IE prod. IE prod. IE prod. IE prod. IE prod. IE prod.
kg/FU mg/FU mg/FU mg/FU mg/FU mg/FU DALY/FU
CO2 SO2 NOX PM<2,5 NH3 VOC Carcinogens
(21.1)Ff1(D6) - 10 sand-lime brick - (290x140x140) m² 16,59 2,43E+04 3,42E+04 3,01E+03 8,63E+02 1,03E+04 4,88E-07
(21.1)Ff1(D6) - 20 sand-lime brick - (300x150x150), glued m² 15,24 2,56E+04 3,36E+04 3,21E+03 8,90E+02 1,12E+04 5,23E-07
(21.1)Ff2(D6) - 10 hollow concrete blocks (290x140x190)  m² 28,07 2,21E+04 5,38E+04 3,87E+03 1,43E+03 7,74E+03 5,75E-07
(21.1)Fg2(D6) - 14 building bricks (290x140x140) m² 36,15 4,06E+04 7,32E+04 5,13E+03 6,50E+02 1,99E+04 4,79E-07
BB/SfB DESCRIPTION FU IE prod. IE prod. IE prod. IE prod. IE prod. IE prod. IE prod. IE prod. IE prod. IE prod. IE prod.
DALY/FU DALY/FU DALY/FU DALY/FU DALY/FU DALY/FU
PDF*m²yr/ 
FU
PDF*m²yr 
/FU
PDF*m²yr 
/FU
MJ 
surplus 
/FU
MJ 
surplus 
/FU
carcinog
ens
resp. 
organics
resp. 
inorganics
climate 
change radiation
ozone 
layer ecotoxicity
acidif./ 
eutroph. land use minerals
fossil 
fuels
(21.1)Ff1(D6) - 10 sand-lime brick - (290x140x140) m² 4,88E-07 1,36E-09 1,66E-06 2,88E-08 6,31E-08 2,92E-10 0,38 0,23 0,43 1,08 26,28
(21.1)Ff1(D6) - 20 sand-lime brick - (300x150x150), glued m² 5,23E-07 1,51E-09 1,84E-06 3,36E-08 6,27E-08 3,39E-10 0,43 0,23 0,44 1,27 29,24
(21.1)Ff2(D6) - 10 hollow concrete blocks (290x140x190)  m² 5,75E-07 8,43E-10 1,73E-06 1,18E-08 7,15E-08 7,95E-11 0,33 0,35 0,36 1,41 12,93
(21.1)Fg2(D6) - 14 building bricks (290x140x140) m² 4,79E-07 4,23E-09 7,36E-07 2,44E-08 7,27E-08 1,57E-09 0,18 0,47 0,49 0,45 43,41
DATA
 Para_Monet
data monetary value
inventory data (mainly based on Ecoinvent)
data environmental impact (eco-indicator99 + CML)
calculations environmental impact (eco-indicator99)
input scenarios (based on inquiry)
cleaning and maintenance scenario (based on literature)
data work sections
selection of inventory record, category (transport, EOL), processes
Db_Energy eco-cost (step 1)
eco-cost (step 2)
inventory record environmental impact environmental impact eco-cost
inventory record environmental impact environmental impact eco-cost
inventory record environmental impact environmental impact eco-cost
Db_Transport
inventory record environmental impact environmental impact eco-cost
inventory record environmental impact environmental impact eco-cost
inventory record environmental impact environmental impact eco-cost
Db_EOL
ECO Indicator99 parameters
(normalisation, weighting)
monetary values
inventory record environmental impact environmental impact eco-cost
inventory record environmental impact environmental impact eco-cost
inventory record environmental impact environmental impact eco-cost  
Db_ClMa
inventory record environmental impact environmental impact eco-cost
inventory record environmental impact environmental impact eco-cost
inventory record environmental impact environmental impact eco-cost
MatCat_IniTrans
material category distances # tkm per vehicle type eco-cost
material category distances # tkm per vehicle type eco-cost
material category distances # tkm per vehicle type eco-cost
F = factory M = merchant CS = construction site
WasteCat_EOLTrans
waste category distances # tkm per vehicle type eco-cost
waste category distances # tkm per vehicle type eco-cost
waste category distances # tkm per vehicle type eco-cost
s = sorted waste, C = containter company, EOL = end-of-life treatment, ns = not sorted waste
% distribution over sC, sEOL, nsC, nsEOL % distribution over vehicle type for each traject type
% distribution over F-CS en F-M + M-CS % distribution over vehicle type for each traject
% distribution over sC, sEOL, nsC, nsEOL % distribution over vehicle type for each traject type
% distribution over sC, sEOL, nsC, nsEOL % distribution over vehicle type for each traject type
% distribution over F-CS en F-M + M-CS % distribution over vehicle type for each traject
% distribution over F-CS en F-M + M-CS % distribution over vehicle type for each traject
WasteCat_EOL
waste category global % distribution over EOL processes % mechanic sorting
waste category global % distribution over EOL processes % mechanic sorting
waste category global % distribution over EOL processes % mechanic sorting
Db_Mat
environmental impact environmental impact material category waste category  EOL processes eco-cost production eco-cost initial transport eco-cost demolition eco-cost EOL
environmental impact environmental impact material category waste category  EOL processes eco-cost production eco-cost initial transport eco-cost demolition eco-cost EOL
environmental impact environmental impact material category waste category  EOL processes eco-cost production eco-cost initial transport eco-cost demolition eco-cost EOL
Db_ClMaProces
process 1
sub activity 1
b ti it 2 i t d t b ti it 2
% distribution over sC, sEOL, nsC, nsEOL % distribution over EOL processes for each main scenario
eco-cost tranport EOL
eco-cost tranport EOL
eco-cost tranport EOL
∑ eco‐cost process
% distribution over sC, sEOL, nsC, nsEOL % distribution over EOL processes for each main scenario
% distribution over sC, sEOL, nsC, nsEOL % distribution over EOL processes for each main scenario
inventory record
inventory record
inventory record
inventory record eco-cost sub activity 1
su  ac v y 
process 2
sub activity 1
sub activity 2
sub activity 3
process 3
sub activity 1
Db_WorkSection
work section 1 cleaning process ∑ eco‐cost production ∑ eco‐cost tranport eco‐cost cleaning  eco‐cost big maint. ∑ eco‐cost demolition ∑ eco‐cost tranport EOL ∑ eco‐cost  EOL
Material 1 ratio 1 ratio 2 ratio (ratio 1 x ratio 2) eco-cost production eco-cost tranport eco-cost demolition eco-cost tranport EOL eco-cost  EOL
Material 2 ratio 1 ratio 2 ratio (ratio 1 x ratio 2) eco-cost production eco-cost tranport eco-cost demolition eco-cost tranport EOL eco-cost  EOL
work section 2 cleaning process ∑ eco‐cost production ∑ eco‐cost tranport eco‐cost cleaning  eco‐cost big maint. ∑ eco‐cost demolition ∑ eco‐cost tranport EOL ∑ eco‐cost  EOL
Material 1 ratio 1 ratio 2 ratio (ratio 1 x ratio 2) eco-cost production eco-cost tranport eco-cost demolition eco-cost tranport EOL eco-cost  EOL
Material 2 ratio 1 ratio 2 ratio (ratio 1 x ratio 2) eco-cost production eco-cost tranport eco-cost demolition eco-cost tranport EOL eco-cost  EOL
Material 3 ratio 1 ratio 2 ratio (ratio 1 x ratio 2) eco-cost production eco-cost tranport eco-cost demolition eco-cost tranport EOL eco-cost  EOL
work section 3 cleaning process ∑ eco‐cost production ∑ eco‐cost tranport eco‐cost cleaning  eco‐cost big maint. ∑ eco‐cost demolition ∑ eco‐cost tranport EOL ∑ eco‐cost  EOL
Material 1 ratio 1 ratio 2 ratio (ratio 1 x ratio 2) eco-cost production eco-cost tranport eco-cost demolition eco-cost tranport EOL eco-cost  EOL
ratio 1 = unit inventory / unit material
ratio 2 = unit material / unit work section  
Figure 10.02      Calculation procedure to obtain the external cost per unit of work section.
eco‐cost small maint.
inventory record
eco‐cost small maint.
inventory record
inventory record
eco‐cost small maint.
inventory record
inventory record
big maint. process
inventory record eco-cost sub activity 3
∑ eco‐cost process
inventory record eco-cost sub activity 1
inventory record
nven ory recor eco-cos  su  ac v y 
∑ eco‐cost process
inventory record eco-cost sub activity 1
inventory record eco-cost sub activity 2
big maint. process
big maint. process
small maint. process
small maint. process
small maint. process
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10.03 General data 
The worksheet ‘general’ data contains all data which are used for the calculations of all 
elements and at the dwelling level. It consists of three major parts. The first are the economic 
parameters, the second the energy costs (financial and environmental) for electricity, gas, oil 
and pellets. The third part relates to the building properties such as floor area, orientation, life 
span of the building and the different elements, heated volume, number of inhabitants and 
air-tightness. 
For both the economic parameters and the energy prices default values are used, which can, 
of course, be changed by the user. The dwelling properties always need to be input by the 
user. 
10.04 Element worksheets 
The element worksheets all have a similar layout (Figure 10.03), except for the windows. For 
each of the elements the part of the database which is relevant for that element is copied 
(dark-bordered box). Different types of input are required from the user (all indicated in white 
boxes in Figure 10.03). 
The first type of input consists of the composition of the variants by selecting the work 
sections which occur. This input therefore mainly2 consists of the input of ‘0’ and ‘1’ in the 
lines of the work sections. Each variant needs to be described in a separate column. This is 
indicated in the white box at the right side of the figure. 
The second type of input concerns the parameters which are specific for each of the element 
variants. For the outer wall, this is for example the thickness of the primary part of the wall, 
while for the ground floor this is for example the excavation depth. These need to be input in 
the same column as the composition of the element, but on top, as indicated on the figure. 
Moreover, some of these parameters are calculated automatically, such as for instance the 
thickness of certain layers of elements. 
The third type of input concerns parameters which are common for all input variants of that 
element. For example, for the floors, a common parameter is the meters of skirt length per 
m² floor. This input only needs to be input once at the top of the worksheet. 
The final input consists of the frequencies of cleaning, maintenance and replacements for 
each of the work sections. However, a default value is provided which can be changed by the 
user. The same applies for the calculated ratios of the work sections (unit work section / unit 
element). These can be calculated in a different way if desired. However, this is normally not 
required. 
The remaining part of the work sheets consists of calculations (grey boxes in the figure). The 
results per unit of element are calculated at the bottom of the sheet. 
One can either ‘analyse ALL variants’ or ‘analyse ONE variant’. If more than one variant is 
calculated, the results are summarised at the bottom of the sheet. Each row represents the 
results for one variant. In order to check if the variant is composed as desired or to make a 
detailed analysis of a certain variant, one can click the button ‘show selected work sections’. 
All non-selected work sections are then hidden, enabling focus to be on the selected ones. 
The work sheet of the windows differs in the sense that the solar gains are calculated too 
and that different input is needed, such as amongst others the size of every window, the 
window type, the frame type, the glass type, the orientation of the window and characteristics 
of the solar shading devices. 
                                                 
2 Sometimes a percentage or an amount needs to be input instead of ‘0’ or ‘1’. 
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Figure 10.03 Structure of the element worksheets. 
10.05 Building worksheet 
For the analysis at the dwelling level three types of analysis are possible. One can analyse 
one specific dwelling variant, analyse all possible options of the defined element variants, or 
analyse all possible options for one element (e.g. technical installations, outer walls and 
windows) keeping all other elements of the building constant. The required input consists of 
the bill of quantities of the elements. For a specific analysis of one building the variant of 
each of the elements (drop down list) also needs to be selected. 
The results consist of all costs per square meter floor area, including the energy cost based 
on the original and adapted EPB method, differentiating between energy for space heating 
(net, gross and end energy use), energy use for the production of hot water and electricity for 
the heating installation and ventilators. Furthermore, also the K-value, the E-value and the 
overheating indicator are reported. The analysis can be made with or without taking into 
account the rebound effect. The energy calculations can either be executed based on axis 
measures or on outer measures. 
10.06 Conclusions 
The translation of the developed methodology in the spreadsheet tool allows detailed 
analysis of the life cycle financial and environmental cost of a building to be made. 
Furthermore it enables optimisation of the dwelling by searching for the Pareto front of all 
analysed options. Both the analysis and optimisation cannot only be done at the dwelling 
level, but also at the element level if desired. The required input is limited and thus not time 
consuming at all. Therefore it proves to be useful both for a detailed analysis and for a rather 
rough screening at the start of the design process. The need for double input (cost model 
and EPB software) is avoided through the inclusion of the EPB calculations in the cost 
model. The tool is implemented for the analysis of the elements and the sixteen case studies, 
of which the results are summarised in chapters 12 and 13. 
 
CHAPTER 11 – SELECTION OF REPRESENTATIVE DWELLING TYPES 
 
This chapter provides an overview of the selected case studies. Four periods and four 
dwelling types within the current Belgian dwelling stock are identified for the analysis, 
resulting in a selection of sixteen dwellings. For each of these a real case is chosen which is 
assumed to represent the specific dwelling type for a specific period. Although dwellings of 
specific periods are selected, the optimisation is performed for newly built dwellings. The 
representativeness only concerns the layout, size and window area of the dwellings. In order 
to determine the optimisation potential of the Belgian dwelling stock, the optimised newly 
built dwellings are compared with common practice to date and with the existing dwelling 
from the specific periods. Based on the optimisation of the dwellings, actions in order of 
priority are identified. The analysis leads to identifiable results for many dwelling owners in 
the Belgian context and provides insight into the optimisation potential of the Belgian dwelling 
stock. 
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11.01 Introduction – current Belgian dwelling stock 
As elaborated in the introduction (chapter 09), the analysis focuses on commonly occurring 
dwellings within the current Belgian building stock. The aim is to investigate the optimisation 
potential and to gain insight into actions in order of priority to reduce the life cycle 
environmental impact. Different dwelling types are selected. For each of these, dwellings with 
differing layout, size and element ratios are selected. 
Since the Belgian housing market is mainly characterised by private investors, the dwelling 
stock is heterogeneous. Consequently, a limited number of dwellings cannot represent the 
whole dwelling stock. Despite this observation, sixteen cases are selected which cover a 
broad range of similar dwellings. Moreover, abstraction is made of the selected dwellings in 
order to formulate more general conclusions.  
To gain insight into the spread of the dwellings (i.e. type, age, size), the current stock is 
analysed (Janssen, Putzeys, Allacker, & De Troyer, 2008). However, since the selection of 
the dwellings is not intended to provide an exact representation of the dwelling stock, it 
concerns a quick screening rather than a detailed study. All consulted literature uses the NIS 
socio-economic survey of 2001 as the main source (NIS, 2001). 
Four dwelling types are selected: a detached house, a semi-detached house, a terraced 
house and an apartment. Dwellings of different ages are chosen since these occur in the 
current dwelling stock. Four time periods are differentiated: the period before 1945, 1945 – 
1970, 1971 – 1990 and 1991 - 2001. The statistical spread of the four dwelling types for 
these periods is presented in Figure 11.01. 
Figure 11.01 shows that the current dwelling stock consists of 29% detached dwellings, 20% 
semi-detached, 26% terraced dwellings and 25% apartments. The different types are thus 
approximately evenly spread, with a slight majority of detached dwellings and a slight 
minority of the semi-detached dwellings.  
The detached houses and the apartments are more or less evenly distributed over the four 
considered periods, with a slight majority of the detached dwellings built between 1945 and 
1970. Remarkable is the high percentage of terraced houses built before 1945 (17% of the 
current dwelling stock): 42% of the terraced houses are built before 1945. Most of the 
existing semi-detached and terraced houses are built before 1970. 
 
Figure 11.01 Distribution of the Belgian dwelling types differentiating the four considered 
construction periods (total equals 100%). 
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For each of the dwelling types a reference is selected for each of the time periods. However, 
because of the importance of the terraced houses built before 1945, two dwellings are 
selected for this period and none for the period 1945-1970. In section 11.02 the selection 
procedure is described. The most important characteristics of the dwellings are summarised 
in section 11.03. 
11.02 Selection and abstraction of the dwellings 
For each of the sixteen dwellings a real case dwelling is selected. This has the advantage 
that the necessary data are available and that the results are more realistic. The dwellings 
are not selected on their architectural quality but rather on their representativeness within the 
current Belgian dwelling stock. Although the size of the dwellings is kept constant within the 
optimisation procedure, the costs are expressed per square meter floor area and may 
therefore be extrapolated for similar dwellings with a different size as a first approximation. 
Abstraction of the real-case dwellings is made in order to improve representativeness and 
thus formulate more general conclusions. The description of the dwellings in the next section 
relates to the abstracted version of the dwellings, although the pictures represent the real 
cases. The data are summarised on a single page for each of the dwellings. 
11.03 Modelling of the dwellings 
The measuring convention equals the axis of the primary layers of the elements and these 
are assumed fixed for the different dwelling variants. In consequence, for better insulated 
dwellings, the size of the dwellings increases. It is assumed that there is no limitation of 
dwelling size due to a restriction on the building line or building height. 
For the calculation of the floor area, as mentioned for every dwelling in this chapter, the floor 
area of each level is considered. However, if stairs occur in the dwelling, the staircase area is 
subtracted once from the calculated floor area. The stairs are thus assumed to belong to the 
floor area, except for the staircase opening at the highest level. 
The attic is always considered within the floor area, but only the part with a minimum level 
height of 1,8 m. In consequence, the attic is assumed to be heated. Therefore the pitched 
roof is assumed to be insulated and never the attic floor. This assumption is based on the 
idea that the attic might be used in future if not in use yet. 
The amount of pitched roof mentioned in the tables in this chapter is expressed per m² 
horizontally projected roof area.  
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11.04 Representation of the selected detached houses 
11.04.01 Representative for period before 1945 
 
floor area 127 m² 
   
compactness C 1,23 m 
protected (heated) volume V 502 m³ 
enclosure AT 398 m² 
 
 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 105 m² 0,828 
(16.4) foundation 59 m 0,464 
(21.+) outer wall 152 m² 1,198 
(22.1+) loadbearing inner wall 78 m² 0,616 
(22.3+) non-bearing inner wall 55 m² 0,430 
(23+) floor 74 m² 0,584 
(24.+) stairs 1 p 0.008 
(27.1+) flat roof 29 m² 0,226 
(27.2+) pitched roof 76 m² 0,601 
(31.) windows front facade 7 m² 0,055 
(31.) windows right facade 2 m² 0,017 
(31.) windows back facade 5 m² 0,036 
(31.) windows left facade 0 m² 0,003 
(31.) exterior doors 2 p 0.016 
(32.) interior doors 8 p 0,063 
(5) services 1 building 0,008 
Source: Family Wouters – Denturk, Antwerpen (Berendrecht)  
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11.04.02 Representative for period 1945 – 1970 
floor area 98 m² 
   
compactness C 1,1 m 
protected (heated) volume V 293 m³ 
enclosure AT 263 m² 
 
 
 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 61 m² 0,623 
(16.4) foundation 39 m 0,403 
(21.+) outer wall 99 m² 1,014 
(22.1+) loadbearing inner wall 10 m² 0,101 
(22.3+) non-bearing inner wall 128 m² 1,308 
(23+) floor 57 m² 0,546 
(24.+) stairs 1 p 0,010 
(27.2+) pitched roof 61 m² 0,623 
(31.) windows front facade 3 m² 0,053 
(31.) windows right facade 3 m² 0,027 
(31.) windows back facade 7 m² 0,070 
(31.) windows left facade 5 m² 0,050 
(31.) exterior doors 1 p 0,010 
(32.) interior doors 10 p 0,103 
(5) services 1 building 0,010 
Source : Charles L. ‘ (1955), Je fais bâtir !, livres pratiques.   
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11.04.03 Representative for period 1971 – 1990 
floor area 149 m² 
   
compactness C 0,87 m 
protected (heated) volume V 371 m³ 
enclosure AT 426 m² 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 149 m² 1,000 
(16.4) foundation 71 m 0,475 
(21.+) outer wall 78 m² 0,525 
(22.1+) loadbearing inner wall 45 m² 0,303 
(22.3+) non-bearing inner wall 80 m² 0,537 
(27.1+) flat roof 149 m² 1,000 
(31.) windows front façade 9 m² 0,059 
(31.) windows right façade 9 m² 0,058 
(31.) windows back façade 20 m² 0,136 
(31.) windows left façade 13 m² 0,089 
(32.) interior doors 11 p 0,074 
(5) services 1 building 0,007 
Source : own dwelling.  
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11.04.04 Representative for period 1991 – 2001 
 
floor area 123 m² 
   
compactness C 1,18 m 
protected (heated) volume V 382 m³ 
enclosure AT 324 m² 
 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 81 m² 0,660 
(16.4) foundation 37 m 0,297 
(21.+) outer wall 103 m² 0,842 
(22.1+) loadbearing inner wall 53 m² 0,428 
(22.3+) non-bearing inner wall 86 m² 0,697 
(23+) floor 78 m² 0,631 
(24+) stairs 1 p 0,008 
(27.2+) pitched roof 81 m² 0,660 
(31.) windows front façade 7 m² 0,073 
(31.) windows right façade 5 m² 0,039 
(31.) windows back façade 9 m² 0,070 
(31.) windows left façade 2 m² 0,013 
(31.) exterior doors 1 p 0.016 
(31.) garage door 1 p 0,008 
(32.) interior doors 9 p 0,073 
(5) services 1 building 0,008 
Source: AVL, 2008, www.avlwoningbouw.be 
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11.05 Representation of the selected semi-detached houses 
11.05.01 Representative for period before 1945 
floor area 81 m² 
   
compactness C 1,38 m 
protected (heated) volume V 235 m³ 
enclosure AT 171 m² 
 
 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 34 m² 0,426 
(16.4) foundation 13 m 0,164 
(21.+) outer wall 77 m² 0,956 
(22.3+) non-bearing inner wall 57 m² 0,703 
(22.8+) separating wall 43 m² 0,532 
(23+) floor 31 m² 0,381 
(23a+) attic floor 31 m² 0,426 
(24+) stairs 2 p 0,025 
(27.2+) pitched roof 34 m² 0,426 
(31.) windows front façade 3 m² 0,060 
(31.) windows left façade 1 m² 0,030 
(31.) windows back façade 2 m² 0,039 
(31.) exterior doors 2 p 0,025 
(32.) interior doors 8 p 0,112 
(5) services 1 building 0,012 
Source: Lyben, (1997), Bouwstenen van sociaal woonbeleid, de VHM bekijkt 50 jaar huisvesting in 
Vlaanderen, 1945-1995, deel 1. 
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11.05.02 Representative for period 1945 – 1970 
 
floor area 150 m² 
   
compactness C 1,70 m 
protected (heated) volume V 445 m³ 
enclosure AT 262 m² 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 63 m² 0,421 
(16.4) foundation 23 m 0,153 
(21.+) outer wall 97 m² 0,647 
(22.3+) non-bearing inner wall 77 m² 0,515 
(22.8+) separating wall 81 m² 0,538 
(23+) floor 51 m² 0,342 
(23a+) attic floor 51 m² 0,342 
(24+) stairs 2 p 0,013 
(27.1+) flat roof 8 m² 0,055 
(27.2+) pitched roof 55 m² 0,366 
(31.) windows front façade 4 m² 0,023 
(31.) windows right façade 5 m² 0,034 
(31.) windows back façade 3 m² 0,019 
(31.) exterior doors 2 p 0,013 
(32.) interior doors 9 p 0,067 
(5) services 1 building 0,007 
Source: Van Herck K & Avermaete T., (2006), Wonen in welvaart – Woningbouw en wooncultuur in 
Vlaanderen, 1948-1973. Rotterdam; The Netherlands: Uitgeverij 010. 
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11.05.03 Representative for period 1971 – 1990 
 
floor area 162 m² 
   
compactness C 1,48 m 
protected (heated) volume V 470 m³ 
enclosure AT 318 m² 
  
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 75 m² 0,466 
(16.4) foundation 25 m 0,152 
(21.+) outer wall 118 m² 0,730 
(22.1+) loadbearing inner wall 66 m² 0,410 
(22.3+) non-bearing inner wall 66 m² 0,406 
(22.8+) separating wall 83 m² 0,513 
(23+) floor 103 m² 0,637 
(24+) stairs 2 p 0,012 
(27.1+) flat roof 20 m² 0,126 
(27.2+) pitched roof 55 m² 0,341 
(31.) windows front façade 9 m² 0,057 
(31.) windows back façade 6 m² 0,036 
(31.) windows left façade 7 m² 0,044 
(31.) exterior doors 2 p 0,012 
(32.) interior doors 11 p 0,068 
(5) services 1 building 0,006 
Source: First Immo, www.firstimmo.be 
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11.05.04 Representative for period 1991 – 2001 
 
floor area 144 m² 
   
compactness C 1,60 m 
protected (heated) volume V 525 m³ 
enclosure AT 329 m² 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 86 m² 0,600 
(16.4) foundation 47 m 0,324 
(21.+) outer wall 104 m² 0,752 
(22.1+) loadbearing inner wall 42 m² 0,289 
(22.3+) non-bearing inner wall 48 m² 0,337 
(22.8+) separating wall 65 m² 0,452 
(23+) floor 60 m² 0,419 
(24+) stairs 1 p 0,007 
(27.1+) flat roof 23 m² 0,157 
(27.2+) pitched roof 64 m² 0,444 
(31.) windows front façade 2 m² 0,012 
(31.) windows right façade 5 m² 0,036 
(31.) windows back façade 9 m² 0,065 
(31.) exterior doors 2 p 0,014 
(31.) garage door 1 p 0,007 
(32.) interior doors 7 p 0,049 
(5) services 1 building 0,007 
Source : AVL, 2008, www.avlwoningbouw.be 
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11.06 Representation of the selected terraced houses 
11.06.01 Representative for period before 1945 type 1 
 
floor area 99 m² 
   
compactness C 2,00 m 
protected (heated) volume V 288 m³ 
enclosure AT 144 m² 
 
 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 38 m² 0,389 
(16.4) foundation 16 m 0,162 
(21.+) outer wall 40 m² 0,409 
(22.3+) non-bearing inner wall 61 m² 0,621 
(22.8+) separating wall 115 m² 1,168 
(23+) floor 35 m² 0,353 
(23a+) attic floor 35 m² 0,353 
(24+) stairs 2 p 0,020 
(27.2+) pitched roof 38 m² 0,389 
(31.) windows front façade 3 m² 0,034 
(31.) windows back façade 4 m² 0,036 
(31.) exterior doors 2 p 0,020 
(32.) interior doors 8 p 0,081 
(5) services 1 building 0,010 
Source : Kints C., (2008), La rénovation énergétique et durable des logements Wallons. Analyse du 
bâti existant et mise en évidence de typologies de logements prioritaires, Architecture et 
climat, U.C.L.. 
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11.06.02 Representative for period before 1945 type 2 
 
floor area 426 m² 
   
compactness C 3,43 m 
protected (heated) volume V 1756 m³ 
enclosure AT 512 m² 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 108 m² 0,253 
(16.4) foundation 34 m 0,080 
(21.+) outer wall 185 m² 0,435 
(22.1+) loadbearing inner wall 123 m² 0,290 
(22.3+) non-bearing inner wall 214 m² 0,501 
(22.8+) separating wall 370 m² 0,867 
(23+) floor 206 m² 0,482 
(23a+) attic floor 103 m² 0,241 
(24+) stairs 3 p 0,007 
(27.2+) pitched roof 108 m² 0,253 
(31.) windows front façade 34 m² 0,078 
(31.) windows back façade 29 m² 0,068 
(31.) exterior doors 2 p 0,005 
(32.) interior doors 17 p 0,040 
(5) services 1 building 0,002 
Source: dwelling family Stragier-Cabie, Kortrijk  
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11.06.03 Representative for period 1971 – 1990 
 
floor area 344 m² 
   
compactness C 2,56 m 
protected (heated) volume V 910 m³ 
enclosure AT 356 m² 
 
 
 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 105 m² 0,305 
(16.4) foundation 35 m 0,102 
(21.+) outer wall 96 m² 0,279 
(22.1+) loadbearing inner wall 78 m² 0,226 
(22.3+) non-bearing inner wall 145 m² 0,421 
(22.8+) separating wall 224 m² 0,650 
(23+) floor 227 m² 0,660 
(24+) stairs 3 p 0,009 
(27.1+) flat roof 105 m² 0,305 
(31.) windows front facade 16 m² 0,048 
(31.) windows back facade 26 m² 0,075 
(31.) exterior doors 1 p 0,003 
(31.) garage door 1 p 0,003 
(32.) interior doors 13 p 0,038 
(5) services 1 building 0,003 
Source : Cera/a, (2008), L’application de principes de la maison passive en Région de Bruxelles-
Capitale, Rapport final, version du 20 juin 2008, Etude réalisée par le Centre d’Etude, de 
Recherche et d’Action en Architecture asbl (Cera/a). 
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11.06.04 Representative for period 1991 – 2001 
 
floor area 200 m² 
   
compactness C 1,96 m 
protected (heated) volume V 549 m³ 
enclosure AT 280 m² 
 
 
 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 80 m² 0,400 
(16.4) foundation 36 m 0,182 
(21.+) outer wall 87 m² 0,436 
(22.1+) loadbearing inner wall 38 m² 0,189 
(22.3+) non-bearing inner wall 69 m² 0,345 
(22.8+) separating wall 126 m² 0,629 
(23+) floor 61 m² 0,305 
(23a+) attic floor 61 m² 0,305 
(24+) stairs 2 p 0,010 
(27.1+) flat roof 16 m² 0,081 
(27.2+) pitched roof 64 m² 0,319 
(31.) windows front facade 8 m² 0,042 
(31.) windows back facade 9 m² 0,043 
(31.) exterior doors 1 p 0,005 
(31.) garage door 1 p 0,005 
(32.) interior doors 8 p 0,035 
(5) services 1 building 0,005 
Source : AVL, 2008, www.avlwoningbouw.be 
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11.07 Representation of the selected apartments 
11.07.01 Representative for period before 1945 
 
floor area 92 m² 
   
compactness C 2,66 m 
protected (heated) volume V 304 m³ 
enclosure AT 114 m² 
 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 36
1
 m² 0,394 
(16.4) foundation 10 m 0,113 
(21.+) outer wall 32 m² 0,348 
(22.1+) loadbearing inner wall 54 m² 0,586 
(22.3+) non-bearing inner wall 72 m² 0,786 
(22.8+) separating wall 43 m² 0,466 
(23+) floor 96 m² 1,039 
(24+) stairs 2 p 0,004 
(27.1+) flat roof 36 m² 0,394 
(31.) windows front façade 6 m² 0,060 
(31.) windows back façade 4 m² 0,046 
(32.) interior doors 7 p 0,076 
(5) services 1 building 0,002 
Source: Deurne, Pieter van Isackerlaan 27 – 29, architect: Piet Verschuren (renovation of 5 
apartments), constructor: Brebuild Alg. Bouwbedrijf, www.woonbeeld.be (accessed December 2009)  
                                                 
1
 For the calculation of the cleaning of the floor on grade, the apartment on the groundfloor is excluded (private 
cleaning costs): 19 m² are considered for cleaning. 
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11.07.02 Representative for period 1945 – 1970 
 
floor area 99 m² 
   
compactness C 2,49 m 
protected (heated) volume V 321 m³ 
enclosure AT 129 m² 
 
 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 21
2
 m² 0,213 
(17.) pile foundation 16 m 0,163 
(21.+) outer wall 67 m² 0,674 
(22.1+) loadbearing inner wall 24 m² 0,244 
(22.3+) non-bearing inner wall 89 m² 0,892 
(22.8+) separating wall 19 m² 0,188 
(23+) floor 100 m² 1,006 
(24+) stairs 4 p 0,004 
(27.1+) flat roof 21 m² 0,215 
(31.) windows front façade 9 m² 0,091 
(31.) windows back façade 10 m² 0,105 
(32.) interior doors 9 p 0,091 
(5) services 1 building 0,001 
(6) elevator 1 p 0,001 
Source: Antwerp, Kiel, Hendriklei 22 – 24 (and 36 – 38, 40 – 42), architect: Storme/Van Ranst 
(renovation of 2000 apartments), www.storme-vanranst.be (accessed October 2009)  
                                                 
2
 For the calculation of the cleaning of the floor on grade, the apartments on the groundfloor are excluded (private 
cleaning costs): 2,12 m² are considered. 
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11.07.03 Representative for period 1971 – 1990 
 
floor area 84 m² 
   
compactness C 3,51 m 
protected (heated) volume V 308 m³ 
enclosure AT 88 m² 
 
 
 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 11
3
 m² 0,127 
(17.) pile foundation 13 m 0,156 
(21.+) outer wall 50 m² 0,594 
(22.1+) loadbearing inner wall 54 m² 0,641 
(22.3+) non-bearing inner wall 32 m² 0,381 
(22.8+) separating wall 33 m² 0,391 
(23+) floor 106 m² 1,252 
(24+) stairs 24 p 0,003 
(27.1+) flat roof 9 m² 0,112 
(31.) windows front facade 16 m² 0,187 
(32.) interior doors 9 p 0,107 
(5) services 1 building 0,000 
(6) elevator 4 p 0,001 
Source: Gent Windekind, SHM Volkshaard. 
  
                                                 
3
 For the calculation of the cleaning of the floor on grade, the apartments on the groundfloor are excluded (private 
cleaning costs): 8,62 m² are considered. 
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11.07.04 Representative for period 1991 – 2001 
 
floor area 143 m² 
   
compactness C 1,58 m 
protected (heated) volume V 298 m³ 
enclosure AT 189 m² 
 
 
 
Element table 
BB/SfB Element amount unit ratio 
(13.+)  floor on grade 36
4
 m² 0,250 
(17.) pile foundation 71 m 0,499 
(21.+) outer wall 74 m² 0,521 
(22.1+) loadbearing inner wall 44 m² 0,311 
(22.3+) non-bearing inner wall 78 m² 0,548 
(22.8+) separating wall 12 m² 0,081 
(23+) floor 151 m² 1,055 
(24+) stairs 3 p 0,003 
(27.1+) flat roof 40 m² 0,280 
(31.) windows front façade 6 m² 0,043 
(31.) windows right façade 18 m² 0,123 
(31.) windows back façade 15 m² 0,103 
(32.) interior doors 7 p 0,049 
(5) services 1 building 0,001 
(6) elevator 1 p 0,001 
Source: Antwerp, De Veldekens, bouwonderneming VOORUITZICHT n.v., Leopold De Waelplaats 
24A, 2000 Antwerpen. Architect: Architecture + Corbiau S.P.R.L, Brussel and nv Styfhals & 
Partners, Machelen.  
                                                 
4
 For the calculation of the cleaning of the floor on grade, the apartments on the groundfloor are excluded (private 
cleaning costs): 3,96 m² are considered. 
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CHAPTER 12 – BUILDING ELEMENT ANALYSIS 
 
The building elements are investigated prior to the analysis at the dwelling level. Based on 
the results, a more limited number of element variants are selected for the dwelling analysis. 
This approach enables limitation of the number of simulations at the dwelling level. The 
following building elements are analysed in detail: inner and outer walls, floor on grade, roof 
(flat and pitched) and technical services. For each of these an extended number of 
alternatives are defined and optimised based on different cost criteria. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analysis of building elements
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12.01 Introduction 
The optimisation of the elements is based on the search for the Pareto optima out of a large 
number of options. The optimisation criteria are minimal initial and life cycle cost. Different 
costs are analysed: the financial cost, the external cost and the total (sum of both) cost. 
The Pareto fronts typically consist of a vertical decline for the options with a low initial cost 
and of a horizontal course for the higher investments. This is illustrated in Figure 12.01. In 
the figure the option with the lowest life cycle cost (option ‘A’) is defined as the ‘absolute 
optimum’. However, this option requires a high extra investment for a relatively small 
reduction of the life cycle cost compared to option ‘B’ at the end of the vertical decline. 
Therefore, the ‘absolute optimum’ can be questioned. Presumably there are other more 
interesting investments (not related to the dwelling) to make. Option ‘B’ can therefore be 
seen as the most interesting and is defined as the ‘sub-optimum’. This option requires a 
relatively small extra investment for a large reduction of the life cycle cost compared to the 
Pareto options with a higher life cycle cost. The above definitions of ‘absolute optimum’ and 
‘sub-optimum’ are used in this and the following chapter when describing the Pareto options.  
 
Figure 12.01 Definition of ‘absolute optimum’ and ‘sub-optimum’ for a typical Pareto front.  
As defined within the BB/SfB system, each of the elements is composed of a primary layer 
and of finishing layers. For insulated elements, the insulation can be put in the primary layer 
and/or as a separate layer next to the primary layer (at one or both sides). In order to gain 
insight into the importance of these different layers for each of the elements, the analysis is 
carried out for each of the layers separately. The insulation layer is for example investigated 
by altering the insulation type and thickness while keeping the other layers unchanged. 
Another example is altering the internal finishing of the outer walls without changing the 
primary layer, the insulation layer and the external finishing.  
In regard to the third research question1, a reference for each of the elements is defined 
which represents a commonly used construction technique and insulation level (for the 
building skin elements) for dwellings to date. Comparison of the Pareto optima with this 
reference gives insight into the optimisation potential of common practice in the building 
sector to date.  
For the optimisation of the elements, an extended number of technical solutions are 
analysed. Only alternatives available on the current building market are selected. The 
selection is moreover limited to those variants of which both financial and environmental data 
                                                 
1 “What is the environmental performance of dwellings to date?” 
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were available. Only the most important findings are summarised in this chapter. The 
summary is limited to a selection of the building elements (those contributing most at the 
dwelling level (see chapter 13)) and to a selection of the analysed variants (focussing on the 
most important findings). 
The physical characteristics of the materials and information about construction techniques 
are mainly based on national technical approvals for construction materials, products and 
systems (ATG/BUtgb), technical reports of the BBRI and technical data sheets of building 
materials. Not all sources are mentioned at the end of this chapter because of the very 
extensive list of literature. The sources are however mentioned for each of the materials in 
the assessment model and can thus be retrieved from the model.  
The optimisation in this chapter focuses on both the financial and environmental cost of the 
elements. Beside these costs, other characteristics will also influence the final choice. For 
example, not all analysed interior wall finishes are suited for bathrooms or not all analysed 
floor finishes can be used in kitchens or garages. These other decision criteria should be 
added to the environmental and financial cost evaluation when selecting a solution for a 
specific situation. It is moreover assumed that all options are correctly executed on site. 
The abbreviations of the different types of costs (e.g. IF, IE, LF, LE, IT, LT) used in this 
chapter are summarised in table 06.03 on page 105. To summarise: “I” stands for “Initial”, “L” 
for “Life cycle”, F for “Financial”, “E” for “environmental (or external)” and “T” for “Total”. To 
avoid confusion, the term “costs” is never used as such, it is always preceded by “financial”, 
“environmental (or external)” or “total”. 
The basic scenario for the economic parameters (table 05.05 on page 92) is assumed and a 
dwelling life span of 60 years is considered. The external cost of the CO2-equivalents is 
assumed 50 euro/ton. The results of the sensitivity analyses are summarised as a final 
comment. Furthermore, at the end of the description of each element, the variants which are 
assumed representative for the different time periods considered are defined. These are 
used for the analysis of the representative dwellings for each of the periods considered in 
chapter 13. 
12.02 Floor on grade 
12.02.01 Description of the analysis 
For the analysis of the floor on grade 79 alternatives are selected, differentiating in floor bed 
filling, screed, insulation type and thickness; and floor finishing (Figure 12.03). 
The reference floor (for new dwellings) is assumed to consist of a floor bed filling of 10 cm 
compacted sand, a polyethylene waterproof course, a reinforced concrete floor slab (15 cm), 
a cement-based screed (5 cm), 3 cm PUR foam and ceramic tiles as floor finishing (including 
skirting). This is chosen since it fulfils the EPB requirements (as required from January 2010 
on), meaning that the U-value is lower than or equal to 0,4 W/m²K2. 
For the calculation of the heat resistance of the floor on grade, the simplified method (Dutch 
norm) of the EPB (formula [1]) is followed (a.a., 2007, pp. 57226-57227). This method is 
selected since it is independent of the dwelling type, length/width ratio of the floor and its 
size. For the analysis at the dwelling level (chapter 13), the detailed approach (European 
norm) is used. 
?? ? ?????? ? ? ? ?????? ?
?
????????
 [1] 
With U0 the U-value of the floor and Ufloor the U-value of the floor from indoors to the floor 
surface in contact with the ground, both expressed in W/m²K. The difference between both 
                                                 
2 The heat resistance of the ground is included in the calculation of the Umax requirement. For the proposed 
reference floor, the Ufloor equals 0,62 W/m²K from surface-to-indoor and U0 equals 0,38 W/m²K. 
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calculation methods is illustrated in Figure 12.02 for a detached (left) and terraced (right) 
house. The dwellings have a floor area of 108 m² and a length/width ratio of 1,12. 
Figure 12.02 Calculation of the U value of the floor on grade, based on the simplified (Dutch) and 
detailed (EU) method in EPB for a detached (left) and terraced (right) dwelling with a floor area of 
108 m² and a length/with ratio of 1,12. 
For the optimisation of the floor on grade, the floor slab is never altered. For the analysis of 
the floor bed filling and screed, the floor composition is identical as the reference except for 
the altered floor bed filling and screed respectively (Figure 12.03 – top two drawings). For the 
optimisation of the floor finishing, again the reference floor is assumed, but the ceramic tiles 
are replaced by other floor finishes (Figure 12.03 – drawing at the bottom).  
Three types of insulation alternatives are compared: PUR foam, insulation boards under and 
over the floor slab (third, fourth and fifth drawing in Figure 12.03). For the first two, the floor is 
identical to the reference. For the board insulation over the concrete layer, an extra levelling 
course is foreseen under the insulation - in addition to the screed over the insulation layer - 
and necessary PE foils are added. Furthermore, a non-insulated variant is analysed. 
The selection of the different alternatives is based on materials available on the market 
whereof sufficient data were available concerning both the financial and environmental 
aspects. For the insulation materials, for example, other options are possible such as foam 
glass, cork, expanded perlite, expanded vermiculite and phenol foam. 
12.02.02 Results - financial cost 
The results for the financial cost (Figure 12.04) reveal that the life cycle cost of the majority of 
the options lies between 800 and 1.000 euro/m² floor and is thus not varying much. The 
variants which lead to a lower or higher life cycle cost are the ones with a different floor 
finishing. The finishing is thus an important parameter for the life cycle financial cost of the 
floor. Out of all analysed finishes, carpet leads to the lowest investment and life cycle cost 
(Pareto optimum). Cork requires a higher investment but leads to the second best life cycle 
cost, followed by parquet. Of course, an appropriate floor finishing needs to be chosen for 
the function of the room (e.g. kitchen: grease- and/or acid-resistance; ease of maintenance). 
The financial investment cost differs to a greater extent, ranging from 170 to 430 euro/m² 
floor. This phenomenon reveals that the life cycle cost is above all determined by the costs-
in-use. Since the insulation level (presented in more detail in Figure 12.05) has no major 
influence on the life cycle cost, the other periodic costs (cleaning, maintenance and 
replacements) are contributing most to the life cycle cost. This is illustrated in Figure 12.06. 
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floor composition for the optimisation of the layer indicated options analysed for the specific layer
 
- compacted sand: 10 cm 
- gravel: 10 cm 
- expanded clay aggregates: 10 cm 
- concrete: 5 cm 
 
 
- cement based: 5 cm 
- anhydrite binder - 5 cm 
- insulating screed, EPS aggregates - 5 
cm 
- insulating screed, EPS aggregates - 10 
cm 
 
 
 
PUR foam: 
3 - 4 - 5 - 6 - 8 - 10 - 12 - 15 - 18 - 21 cm 
 
 
 
 
insulation boards under floor slab: 
- PUR: 4 – 8 – 10 – 12 – 18 - 24 cm 
- resol: 4 – 8 – 10 – 12 – 18 – 24 cm 
- EPS: 4 – 8 – 10 – 12 – 18 – 24 cm 
- XPS: 4 – 8 – 10 – 12 – 18 -24 cm 
 
 
insulation boards over floor slab: 
- PUR: 3 - 5 - 8 - 10 - 15 - 20 cm 
- rock wool: 3 - 5 - 8 - 10 - 12 - 18 - 24 cm
- resol: 4 - 8 - 10 - 12 - 18 - 24 cm 
- EPS: 4 - 8 - 10 - 12 - 18 - 24 cm 
- XPS: 4 - 8 - 10 - 18 - 20 cm 
 
- ceramic tiles 
- tiles of blue stone (BE) 
- tiles of blue stone (China) 
- parquet – hardwood (BE mix) (**) 
- laminate 
- cork 
- linoleum 
- carpet 
- PUR-floor 
(*) The screed thickness varies with the insulation thickness according to the TV193 of BBRI (BBRI, 1994, p. 43). 
(**) For the parquet finishing, an extra PE sheet is foreseen above the PUR foam and, consequently, the cement 
based screed is reinforced. 
Figure 12.03 Floor on grade: composition of the floor for the optimisation of the different layers. 
    KAREN ALLACKER | SUSTAINABLE BUILDING 
PART B | 12 Analysis of building elements  P a g e  | 191 
 
Figure 12.04 Financial cost: overview of all analysed floor on grade alternatives. 
 
Figure 12.05 Financial cost: overview of the floor insulation alternatives. 
Figure 12.06 represents the financial cost during the different life phases and processes for 
the floor with no insulation, 3 cm PUR foam (reference) and 10 cm PUR foam. For the 
reference floor, the cleaning costs represent 75% of the life cycle cost, while the heating cost 
represents 6% and the initial cost 17%. 
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A different insulation thickness is identified as absolute optimum for the different materials 
considered. The absolute optimal thicknesses are indicated on the graph in Figure 12.05. For 
three insulation types the maximum available thickness on the current market is the absolute 
optimum: PUR (10 cm) and EPS (12 cm) over the slab and EPS (12 cm) under the slab. The 
greater thicknesses considered are composed of a double insulation layer and therefore 
result in an important extra investment cost (labour). For the other materials the absolute 
optimum is reached at lower thicknesses than the maximum available on the market. It 
concerns PUR under the floor slab (10 cm), resol and XPS under the floor slab (8 cm), rock 
wool over the slab (10 cm), XPS and resol over the slab (4 cm) and PUR foam (15 cm). 
 
Figure 12.06 Floor without insulation, 3 cm PUR foam (reference) and 10 cm PUR foam: the 
distribution of the life cycle financial cost over the life phases and processes. 
12.02.03 Results - external cost 
From an environmental point of view (Figure 12.07 and Figure 12.08), the life cycle cost is 
above all determined by the insulation thickness.  
 
Figure 12.07 External cost: overview of all analysed floor on grade alternatives. 
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Figure 12.08 External cost: overview of the floor insulation alternatives. 
A reduction of the life cycle environmental cost of the reference (for newly built) can be 
achieved up to 27% by increasing the insulation level. In contradiction to the financial cost, 
the life cycle environmental cost of the non-insulated variant can be reduced up to 120% due 
to the addition of a thick insulation layer (e.g. 24 cm resol). 
The difference between the insulation types (in life cycle environmental cost) is rather limited, 
indicating that the insulation level is more important than the type of insulation. One 
exception is the rock wool over the floor slab which results in a higher initial and life cycle 
environmental cost than the other insulation materials. Resol board under the floor slab 
results in the lowest life cycle environmental cost, of which 24 cm is the absolute optimum of 
all analysed insulation variants. The absolute optimum for each of the insulation materials 
equals the maximum foreseen insulation thickness, except for PUR foam, PUR board under 
the floor slab and rock wool over the slab with a thickness of respectively 18, 18 and 12 cm.  
For the analysed variants, the choice of floor finishing is important both in terms of initial and 
life cycle environmental cost. This means, that for the floor finishing variants (with an 
insulation level of 3 cm PUR foam (reference)), both the initial cost and the heating cost 
contribute to an important extent to the life cycle cost. This is illustrated in Figure 12.09.  
For un-insulated floors, the heating cost is the determining factor for the life cycle cost and 
should be focused on (un-insulated variant in Figure 12.09). For better insulated floors (10 
cm PUR), the initial cost contributes most to the life cycle environmental cost. In order to 
further optimise well insulated floors, the choice of materials should be focused on. Figure 
12.10 moreover shows that the floor finishing (ceramic tiles) contributes most to the initial 
environmental cost and is thus the first priority. 
The floor finishing with the lowest external investment cost is linoleum. Laminate, the second 
Pareto option, does require a small extra initial external cost, but leads to a lower life cycle 
external cost. The carpet finishing leads to the lowest life cycle external cost. However, the 
Pareto front is characterised by a horizontal slope for this final step, and thus laminate is 
identified as sub-optimal floor finishing. 
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Figure 12.09 Floor without insulation, 3 cm PUR foam (reference) and 10 cm PUR foam: distribution 
of the life cycle environmental cost over the life phases and processes. 
 
Figure 12.10 Floor reference for newly built dwellings: initial environmental cost – distribution over 
the constituting work sections. 
To investigate which of the environmental impacts are most influenced by the optimisation 
measures (insulation level and choice of floor finishing), the different impacts are 
summarised in Figure 12.11. In the graph on the left, the life cycle impacts (expressed in 
euro/m² floor) of the ceramic tiles and the laminate are compared. These life cycle costs 
include the production, transport, construction, cleaning, maintenance, replacements, 
demolition, transport to EOL and EOL treatment of the tiles and laminate.  
In the graph on the right the life cycle environmental cost of 3 and 10 cm PUR foam are 
shown, including the heating cost due to transmission losses through the total floor. 
Choosing laminate instead of ceramic tiles mainly affects the emission of PM2.5 (a reduction 
from 194 to 11 g, or thus of 95%), while an increase in insulation level mainly results in a 
reduction of the CO2-equivalents (from 264 to 136 kg, or thus of 48%) and of the depletion of 
fossil fuels3 (from 583 to 301 MJ surplus energy, or thus of 48%). 
                                                 
3 The dwelling is assumed to be heated with natural gas. 
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Figure 12.11 Influence of choice floor finishing and insulation level on the different environmental 
impacts considered (expressed in external costs per m² floor). 
12.02.04 Results total cost 
Finally the total cost (Figure 12.12) is considered in order to investigate if internalisation of 
the external cost would influence the decisions based on financial cost.  
 
Figure 12.12 Total cost: overview of all analysed floor on grade alternatives. 
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The analysis reveals that the absolute optimal insulation level without budget restriction has 
changed (compared to the optima based on financial cost) to a greater thickness except for 
EPS (12 cm) and PUR (10 cm) board over the slab and PUR foam for which the absolute 
optimum thickness equals 15 cm. 
Carpet remains the most preferred floor finishing despite the lower external cost of laminate. 
Despite its higher external cost, the life cycle total cost of blue stone from China is lower than 
of the Belgian blue stone. However, the blue stone from China leads to a higher total initial 
cost than the ceramic tiles (reference) in contradiction to the financial cost.  
The order of preference of floor bed filling has not changed compared to the financial cost 
and is as follows: concrete, gravel, clay aggregates and sand. 
The preference of screed based on total cost also differs compared to the financial cost 
preference. The screed base on anhydrite binder requires a lower initial total cost than the 
insulating screed with EPS aggregates of 10 cm thickness. Its financial initial cost, on the 
other hand, is higher than of the EPS screed alternatives. The change in preference is due to 
the high environmental cost of the latter. 
12.02.05 Sensitivity analysis 
Sensitivity analyses are made of different parameters: the life span of the floor, the external 
cost for CO2-equivalents, the number of equivalent degree days and the growth rate of 
energy prices. The U-values of the floor on grade alternatives are summarised in Table 12.01 
indicating the absolute optima based on financial cost for the different scenarios. For the 
basic scenario it is indicated with a continuous circle. A dotted circle is used for an extended 
life span of 120 years and for a life span of 60 years but with a higher growth rate of energy 
prices (4%)4. Both scenarios lead to identical optimal thicknesses. The rectangular shows the 
absolute optima for an increased number (1700) of degree days5. The absolute optimum 
thickness clearly depends on the insulation material. The prolongation of the life span, the 
increase of the growth rate of energy prices and the increase in equivalent degree days 
result in higher optimal thicknesses. 
The absolute optima based on environmental cost equal the maximum analysed insulation 
thickness for all materials except for PUR board under the floor slab, PUR foam and rock 
wool board over the floor slab. An increase in growth rate of energy prices does not influence 
these optimal thicknesses. An increase in life span, in equivalent degree days and in external 
cost of CO2-equivalents results in the maximum foreseen thickness as absolute optimum.  
Table 12.01 Summary of the U-values of the floor on grade, expressed in W/m2K. 
 
                                                 
4 If no indication is made, this means the absolute optimal thickness for the specific scenario is equal to the 
previous scenario. 
5 If no indication is made, this means the absolute optimal thickness for the specific scenario is equal to the 
previous scenario. 
3 cm 4 cm 5 cm 6 cm 8 cm 10 cm 12 cm 15 cm 18 cm 20 cm 21 cm 24 cm
PUR over 0,37 0,28 0,20 0,17 0,13 0,10
PUR under 0,33 0,21 0,18 0,15 0,10 0,08
PUR foam 0,38 0,33 0,29 0,26 0,21 0,18 0,15 0,13 0,11 0,10
resol over 0,32 0,20 0,17 0,15 0,11 0,08
resol under 0,33 0,21 0,18 0,15 0,11 0,08
EPS over 0,39 0,27 0,23 0,21 0,15 0,12
EPS under 0,40 0,28 0,24 0,21 0,15 0,12
XPS over 0,39 0,27 0,23 0,15 0,14
XPS under 0,40 0,28 0,24 0,21 0,15 0,12
rock wool over 0,46 0,37 0,29 0,25 0,23 0,17 0,13
FC optima 60 years, basic scenario
FC optima 120 years, basic scenario and 60 years, growth rate energy prices 4%
FC optima 1700 equivalent degree days
FC optima 120 years combined with growth rate energy prices 4% => all largest foreseen thicknesses are most optimal
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The thermal capacity difference of the alternatives is not considered since the importance of 
this characteristic depends on the wall application and can thus only be evaluated at the 
dwelling level. The analysis focuses on the optimisation of the primary layer, including the 
optimisation of the insulation type which is put in the primary layer of the skeleton variants. 
The walls are insulated because of acoustical performance. The finishing of the walls is not 
changed since this is analysed for the outer walls in the next section. The solid alternatives 
have a finishing of gypsum plaster and acrylic paint at both sides. The skeleton alternatives 
have a finishing of gypsum board and acrylic paint.  
The building clay brick wall (29x09x14) is taken as the reference (for newly built) for the solid 
variants, the timber frame wall with rock wool insulation is chosen for the skeleton options. 
12.03.02 Results - financial cost 
The financial investment and life cycle cost of the skeleton variants are slightly lower than of 
the solid variants, on average 6 and 10% respectively. The highest investment cost is 
required for the clay bricks (9 cm height), which is 5% more than for the cheapest, the 
concrete wall. The life cycle cost is 2% higher. The metal stud variants are slightly cheaper 
than the timber frame variants. The insulation alternatives do not differ much in financial cost. 
The difference between the maximum and minimum is only 13% and 4% for the initial and 
life cycle cost respectively. Glass wool is the cheapest insulation, followed by wood fibre, 
cellulose, rock wool and finally hemp cotton. 
 
Figure 12.14 Financial cost: overview of all the analysed non-bearing wall alternatives. 
12.03.03 Results – external cost 
From an environmental point of view, the difference between the two groups is less clear and 
if anything the opposite is noticed: the solid variants result for most cases in a lower life cycle 
external cost than the skeleton variants. Remarkable is the high environmental cost for the 
hemp cotton insulation which can be explained by the required land use for the production of 
cotton. Similar to the financial cost, the metal stud is preferred above the timber frame. 
A detailed analysis of the external cost for the different life phases of both the timber frame 
and metal stud variant with rock wool insulation is shown in Figure 12.16. The higher cost of 
the timber frame variant is due to the higher external cost for the production and transport of 
the materials, although a higher benefit is also noticed due to the end-of-life treatment. 
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The environmental impacts during production are presented in detail in order to clarify this 
higher impact (Figure 12.17). The finishing of the walls is omitted since these are identical for 
both variants. The higher impact of the timber frame is clearly caused by the external cost of 
the necessary land use. However, the uncertainty on the monetary value for land use (0,49 
euro/PDF x m² x year) is high and the results should thus be read with care. If the land use 
cost was not considered, then the life cycle external cost of timber frame would decrease 
from 6,59 to 3,77 euro/m² wall and the life cycle external cost of metal stud from 5,29 to 4,16 
euro /m² wall. The timber frame would then be preferred. The inclusion of the land use is 
therefore the determining factor.  
 
Figure 12.15 External cost: overview of all the analysed non-bearing wall alternatives.10 
 
Figure 12.16 External cost of the timber frame and metal stud variant with rock wool insulation: 
distribution over the different life phases. 
                                                 
10 The timber frame options have a lower life cycle external cost than their initial life cycle cost (they are situated 
below the IE = LE line). This is due to the negative cost (positive impact) at the end of the life cycle of the wall. 
The end-of-life treatment of wood consists of incineration, recycling and reuse. The negative cost of the former 
and the latter are higher than the positive cost of the recycling process. 
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Figure 12.17 External costs of the considered environmental impacts of the production of timber 
frame and metal stud (inclusive rock wool). 
Although the uncertainty is high, it seems relevant to include the land use cost since wood 
requires a lot of land and this may not be neglected. However, the assumed cost may be too 
high. Investigation of this cost reveals that the cost should be reduced to 0,115 euro/PDF x 
m² x year in order to make the external cost of timber frame and metal stud identical (4,43 
euro/m² wall). This means a reduction of the monetary value of land-use of 77%. 
The most preferred options, from an environmental viewpoint, are the cellular concrete and 
sand-lime brick variants. These lead to an approximately identical life cycle external cost. 
The life cycle cost for the metal stud variant filled with cellulose leads to more or less the 
same life cycle cost, but requires a higher external investment cost (+ 43%). The reinforced 
concrete variant leads to the highest life cycle external cost. This is 36% higher than the cost 
for cellular concrete.   
In contrast to the financial cost, the choice of insulation material makes a big difference to the 
environmental cost. The difference between minimum and maximum life cycle external cost 
equals 27% (not considering hemp cotton). The order of preference is cellulose, glass wool, 
rock wool and wood fibre. Hemp cotton leads to a much higher cost11 and should not be 
used. 
In Figure 12.18 the optimisation potential due to the alteration of the non-bearing inner walls 
is shown for the different environmental impacts. The stone and skeleton references are 
compared with the cellular concrete, the metal stud with cellulose and the sand-lime stone. 
The latter is added since this variant leads to an approximately identical initial and life cycle 
external cost to the cellular concrete. 
The analysis reveals that for all variants the respiratory effects due to organic substances, 
climate change (beside the CO2 equivalents already considered in the first indicator), 
radiation and ozone layer depletion and depletion of minerals are negligible. 
The comparison moreover reveals that for all alternatives a large reduction of the external 
cost is achieved for the CO2-equivalents compared to the clay brick reference. All 
alternatives moreover lead to a reduction of the emission of SO2, NOX and VOC, together 
with a reduction of acidification/eutrophication and depletion of fossil fuels. 
Compared to the brick reference, the timber frame variant leads to an increase in PM2.5, 
NH3, carcinogens (negligible), respiratory effects due to inorganic compounds, ecotoxicity 
and land use. The latter is the most important external cost for the timber frame variant. The 
                                                 
11 For what is considered to be the external cost of land use. 
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sand-lime brick alternative leads to a negligible increase of NH3 and carcinogens, but to a 
significant increase in respiratory effects due to inorganic compounds (+ 26%) and 
ecotoxicity (+ 33%). A similar effect is noticed for the metal stud variant, with an increase of 
respectively 58% and 37%. 
 
Figure 12.18 Influence of the choice the non-bearing inner wall on the different environmental 
impacts considered (expressed in external costs per m² wall). 
12.03.04 Results – total cost 
An analysis of the total cost reveals that the same conclusions are valid as for the financial 
cost despite some small preference changes. The results are therefore not presented 
graphically. Based on total cost, the concrete variant and sand-lime brick glued variant lead 
to the same life cycle cost. Furthermore, hemp cotton leads to a higher total cost than all 
other insulation alternatives. Based on total cost, cellulose is slightly preferred to wood fibre, 
while the opposite is true based on financial cost. However, the difference is small. 
12.03.05 Sensitivity analysis 
Only the first sensitivity scenario of the economic parameters is made (table 05.05 on page 
92) since the second relates to the growth rate of the energy prices, which is not relevant for 
the inner walls. Increasing the financial discount rate to 4% does not lead to other decisions. 
Increasing the social discount rate (for external costs) to 3% does lead to some change in 
preference: 
- LE sand-lime brick < LE metal stud with cellulose; 
- LE metal stud + rock wool < LE concrete < LE timber frame + cellulose 
Finally a sensitivity analysis of the external cost of CO2-equivalents is made. The external 
cost based preference for the skeleton variants increases for a higher external cost for CO2-
equivalents. The other conclusions remain valid. 
12.03.06 Selection for analysis at the dwelling level 
For the analysis at the dwelling level, both a solid and skeleton wall reference for newly built 
dwellings is defined as described in section 12.03.02. For the existing dwellings, the 
reference non-bearing wall is identical to the solid reference for the newly built dwellings. 
For the optimisation, the metal stud with cellulose and cellular concrete are considered for 
the analysis at the dwelling level. Based on the results of the first dwelling, a more limited 
selection is made for the analysis of the other dwellings.  
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12.04 Outer walls 
12.04.01 Description of the analysis 
The optimisation of the outer walls is done separately for the internal finishing, the primary 
layer (loadbearing structure), the insulation layer and the external finishing. To provide 
tangible graphs, the results are presented in these groups. Only a selection of the analysed 
alternatives is presented in order to enable a detailed elaboration. The selection is made in 
such a way that all important findings are presented. The reference outer wall for the newly 
built dwellings is defined in section 12.04.06. 
12.04.02 Internal finishing of the outer walls 
Out of 88 analysed variants, the results of 11 internal finishes are described. For all variants 
the composition of the wall is identical except for the internal finishing. The walls are 
composed of a primary layer (loadbearing structure) of building clay bricks, an insulation 
layer of 12 cm PUR, an air cavity (3 cm) and a brick veneer wall as exterior finishing (Figure 
12.19). The air-tightness of the different finishes is assumed identical. 
 
Int1:    gypsum plaster + paint 
Int2:    gypsum plaster + wall paper 
Int3:    gypsum board glued on brick wall + paint 
Int4:    gypsum board on wood (current BE mix) structure + paint 
Int5:    gypsum board on wood (100% native) structure + paint 
Int6:    gypsum board on wood (100% import) structure + paint 
Int7:    gypsum board on metal structure + paint 
Int8:    MDF on wood structure (current BE mix) + paint 
Int9:    wood-fibre cement board on wood (current BE mix) structure + paint 
Int10:  cement-fibre board on wood (current BE mix) structure  + paint 
Int11:  ceramic tiles on gypsum plaster 
Figure 12.19 Composition of the outer wall and summary of the internal finishing variants. 
RESULTS – FINANCIAL COST 
The contribution of the financial cost over the different life phases and processes are 
summarised in Figure 12.20, ordered from the lowest to highest financial investment cost.  
 
Figure 12.20 Life cycle financial cost of the eleven variants of the internal finishing of the walls. 
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There is only one Pareto optimum, the painted gypsum board glued to the brick wall. Despite 
the higher financial investment cost of the tile finishing, the life cycle cost is comparable to 
the other alternatives. The lower maintenance and replacement cost (lower frequency of 
replacement) of the tiles compensates the higher investment cost. 
RESULTS – EXTERNAL COST 
An analogue graph is shown for the external cost, but now ranked from lowest to highest 
external investment cost (Figure 12.21). There is again only one Pareto option: paint on 
gypsum plaster. The big difference between the financial and external cost lies in the 
contribution of the different phases. While financially the initial cost contributes most to the 
life cycle cost, from an environmental point of view both the production and heating are most 
important. From an environmental point of view, there is not a large difference between the 
alternatives, except for the ceramic tiles which clearly lead to a higher initial (+63% compared 
to paint) and life cycle (+ 42% compared to paint) external cost. Finally the impact of the 
internal finishing is analysed for the different indicators (Figure 12.22). 
 
Figure 12.21 Life cycle external cost of the eleven variants of the internal finishing of the walls. 
 
Figure 12.22 Influence of the choice of five internal finishes of the wall on the considered 
environmental impacts (expressed in euro per m² wall). 
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A comparison is made of the life cycle impact of plaster, glued gypsum board, screwed 
gypsum board on a supporting wood structure and ceramic tiles on a plastered wall. All 
(except for the ceramic tiles) are assumed to be painted with acrylic paint. However, for the 
plaster variant, wall paper is included in the comparison too.  
The impact of all variants is negligible for NH3, VOC, respiratory effects due to organic 
compounds, climate change (for emissions other than those included in the first indicator), 
radiation, ozone layer depletion and depletion of minerals. No large differences are noticed 
between the alternatives except for the ceramic tiles. The latter leads to a higher external 
cost for all impacts compared to all other variants. However, it leads to an extremely high 
cost for PM2.5 (+442% compared to paint) and a significantly higher cost for SO2 (+21%), 
respiratory effects due to inorganic compounds (+25%), ecotoxicity (+55%) and land use 
(+24%). 
RESULTS – TOTAL COST 
The Pareto optimum based on total cost equals the one based on financial cost (glued 
gypsum board). 
SENSITIVITY ANALYSIS 
Neither an increase in CO2 cost nor an increase in life span nor an increase of equivalent 
degree days leads to a different ranking of the alternatives. 
12.04.03 External finishing of the outer walls 
Out of 93 variants, the results of 22 external finishes are described (Figure 12.23).  
 
Ext1: brick veneer                   (9 cm) 
Ext2: concrete block veneer    (9 cm) 
Ext3: sand-lime stone veneer (10 cm) 
Ext21: granite veneer               (3 cm) 
Ext22: basalt veneer                (1 cm) 
 
 
 
Ext18: stucco 
 
 
 
Ext7: ceramic facing tiles 
Ext8: slate tiles 
Ext9: zinc facing tiles 
Ext10: fibre cement facing tiles 
Ext11: ceramic roof tiles 
Ext12: rock-fibre board 
Ext13: synthetic board 
Ext14: fibre cement board 
Ext15: steel foil 
Ext16: zinc foil 
Ext17: aluminium foil 
Ext19: untreated wood planks 
Ext20: treated wood planks 
Figure 12.23 Composition of the outer wall and summary of the external finishing variants. 
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The composition of the wall is kept unchanged and consists of acrylic paint on gypsum 
plaster, building clay bricks and 12 cm PUR insulation. However for the finishing in concrete 
and steel panels an extra structure is foreseen consisting of steel profiles. An approximately 
identical U-value is obtained for all walls in order to make a correct comparison. However, 
these do differ to a certain extent (0). 
Table 12.02 Summary of the U-values of the 22 analysed variants. 
Wall variant U   (W/m²K) 
Ext1 to Ext4, Ext6 + Ext21 and Extw22 (cavity walls + concrete prefab panel) 0,17 
Others (insulated prefab panels, tiles, boards, metal foils, stucco, wood) 0,18 
RESULTS – FINANCIAL COST 
The analysis of the financial cost (Figure 12.24)12 reveals that the life cycle financial cost for 
most variants lies between 500 and 750 euro/m² wall. Some of the alternatives however lead 
to a much higher life cycle cost. It concerns the fibre cement facing tiles, the wood planks, 
the rock fibre board and the synthetic board. For the first two this is due to higher periodic 
costs (cleaning), while for the latter two this is due to both a higher investment cost and 
higher periodic costs (cleaning). The finishing of aluminium foil also leads to a life cycle cost 
which is slightly higher than 750 euro/m² wall due to its higher investment cost. 
Based on financial cost, there are only three Pareto optima. The first consists of stucco on 
EPS insulation, the second of insulated steel sandwich panels and the third of concrete block 
veneer. The third optimum however requires a high extra investment for only a small 
reduction of the life cycle cost. 
If the steel sandwich panels were not considered (since these require a different wall 
structure) ceramic roof tiles would appear on the Pareto front. 
 
Figure 12.24 Financial cost: overview of all analysed external finishes of the outer wall. 
                                                 
12 The marks on the graph are identical for the options belonging to a certain group: squares for stone finishing, 
crosses for panels, diamonds for tiles, circles for board, triangles for sheets, lines for planks and dotted circles for 
stucco. For each group the absolute optimal variant has a light coloured fill (yellow) and a dark marker line. 
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RESULTS – EXTERNAL COST 
The analysis of the external cost (Figure 12.25) indicates that most external finishing results 
in an LE of approximately 28 euro/m² wall (indicated by the red box on the graph). There are 
some exceptions which lead to a significantly higher life cycle external cost, namely the 
finishes in zinc, the aluminium foil, ceramic facing tiles and granite veneer. This is obviously 
due to a higher external initial cost of these materials and thus due to the production process. 
The high life cycle cost of the aluminium foil however is also due to higher periodic costs. 
The latter are due to higher costs for the replacements of the aluminium foil during the life 
span of the wall (dwelling). Although the initial cost of the aluminium foil is comparable to the 
zinc foil, the ‘repayment’ at the end of its life cycle is much lower (see next paragraphs). 
These end-of-life costs are also considered for the replacements of the materials during the 
life span of the wall.  
 
Figure 12.25 External cost: overview of all analysed external finishes of the outer wall. 
For the walls with brick veneer, zinc foil, aluminium foil, ceramic tiles and granite veneer, the 
environmental impacts (expressed in external costs/m² wall) for the production of the 
materials are compared in Figure 12.26. The impact of each of the constituting materials is 
identified. The analysis reveals that for these alternatives the external finishing contributes 
the most to the environmental impact and thus not the primary layer of the wall! However, it 
is important to remark that the graph is only showing the impact due to the production of the 
materials. If the materials can be and will be recycled at the end of their life span this should 
be considered too. For the assumed end-of-life scenarios, following percentages of the initial 
cost is “paid” back at the end of their life span:  
- Brick veneer: 0.25% 
- Aluminium foil: 2% 
- Zinc foil: 36% 
- Ceramic facing tiles: 16% 
- Granite: 14% 
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The aluminium and zinc foil are both for 2% re-used and for 98% recycled. However, the 
environmental cost of the recycling process of the aluminium foil (36,93 €/m² foil) is more 
than 3 times higher than the cost for the zinc recycling process (11,45 €/m² foil). This leads to 
the above differences in ‘payback’ cost at the end of life cycles. 
 
Figure 12.26 Detailed analysis of the environmental impacts due to the production of zinc and 
aluminium foil, ceramic facing tiles and granite 
A closer look at the red box of variants (Figure 12.27) with a life cycle cost around 27 euro/m² 
wall shows that the initial external cost of the options does vary to a great extent. The cost 
during the life span of the wall therefore determines which is most interesting from a life cycle 
perspective. The variants on the Pareto front are stucco on insulation, brick veneer (sub-
optimum) and synthetic board (absolute optimum). The latter two require a high extra 
investment cost for only a small decrease in the life cycle cost. 
Surprisingly, the wood planks lead to a relatively high external cost, which is due to the 
external cost for land use. However, if land use were not considered, these alternatives lead 
to the lowest life cycle environmental cost: 21,14 euro/m² wall for the treated planks and 
21,51 for the untreated. 
A selected number of the variants from this group is analysed in detail (Figure 12.28). The 
contribution of the different layers of the wall to the life cycle cost is examined. The external 
finishing together with the insulation layer (type determined by the finishing) and, if 
necessary, the extra structure for the finishing is marked on the figure to point out their 
contribution. Four alternatives are compared: brick veneer, sand-lime stone veneer, stucco 
on insulation and the concrete sandwich panel. 
The life cycle environmental cost of the stucco finishing (considering only the stucco layer of 
the wall) is lower than the other three finishes. The EPS insulation (18 cm) however leads to 
a higher life cycle cost than the PUR insulation (12 cm) of the brick veneer variant. This 
higher cost is however compensated by the lower cost of the stucco. Despite this 
phenomenon, the life cycle cost of the stucco variant is slightly higher due to the slightly 
higher U-value compared to the brick veneer variant. 
If the extra steel structure were not required for the concrete sandwich panel, this option 
would lead to a comparable life cycle external cost to the sand-lime stone variant. 
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From the analysis it can be concluded that the consequences of the choice for a certain 
external finishing may not be overlooked when evaluating the environmental impact. 
 
Figure 12.27 External cost: overview of IE and LE of the outer walls focusing on variations of the 
external finishing for a selected number of variants. 
 
Figure 12.28 Detailed analysis of the life cycle environmental impacts for four external finishes: 
brick veneer, sand-lime stone veneer, stucco on EPS and concrete sandwich panels. 
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RESULTS – TOTAL COST 
Finally, the total costs are investigated (Figure 12.29). The total cost is mainly determined by 
the financial cost and results in an identical Pareto front (Figure 12.24). However, inclusion of 
the external cost does have an influence on the ranking of the alternatives. The brick veneer, 
for example, leads to a similar initial total cost to the ceramic facing tiles, while the financial 
investment cost is higher. The basalt veneer, the sand-lime stone veneer and the slate tiles 
lead to a comparable initial total cost to the zinc foil, while their initial financial cost is higher.  
 
Figure 12.29 Total cost: overview of all analysed external finishes of the outer wall. 
12.04.04 Primary layer (loadbearing structure) of the outer walls 
Fourteen alternative loadbearing structures (primary layer) are compared. For each of these, 
two variants of insulation thickness are considered. For the thickest variant of insulation, a 
fifteenth alternative is added: a Finnjoist (FJI) structure13. The alternatives can be subdivided 
into two groups: the solid and skeleton alternatives. In order to focus on the structure, the 
heat resistance of the variants is approximately equal. The insulation thickness of the solid 
variants is determined based on the fixed insulation thickness of the skeleton variants but 
restricted to thicknesses available on the market. A summary of the variants, mentioning the 
U-value is given in Table 12.0314. They all concern cavity walls with a brick veneer as outer 
leave. The internal finishing varies since the most common finishing is chosen. This means 
gypsum plaster with acrylic paint for the solid alternatives and gypsum board with acrylic 
paint for the skeleton alternatives. For all alternatives an air cavity of 3 cm is assumed. 
                                                 
13 Finnjoist (FJI) are timber I-joists consisting of Kerto flanges and an OSB3 web (finnforest, 2010). 
14 For cellular concrete the initial moisture due to the production process (autoclaved) is considered. An initial 
water content of 200 kg/m³ is assumed with a content of 20 kg/m³ in hygroscopic balance. A water amount of 180 
kg/m³ needs to be dried by heating and ventilation during the first years. This is incorporated by considering the 
extra heating needed for a latent heat of 67,5 MJ/m² wall for the blocks of 15 cm thickness, 90 MJ/m² wall for the 
20 cm blocks, 108 MJ/m² wall for the 24 cm blocks and 135 MJ/m² wall for the 30 cm blocks.Ventilation is not 
considered at the element level. Moreover, the extra heating demand due to the lower heat resistance of the 
cellular concrete with a higher moisture content is taken into account. For the 15 cm blocks, this is during the first 
2 years, for the 20 cm blocks, during the first 4 years, for the 24 cm blocks, during the first 6 years and for the 30 
cm blocks during the first 9 years. The lambda value equals 0,228 W/mK at the moment of construction and 
gradually decreases to 0,13 W/mK.  
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Table 12.03 Summary of the insulation thickness and corresponding U-value of the alternatives for 
the primary layer of the outer walls. 
 
RESULTS – FINANCIAL COST 
The financial cost of all variants is presented in Figure 12.30. The 15 cm thick cellular 
concrete variants (combined with 7,5 cm rock wool and 14 cm rock wool) require the lowest 
investment cost and lead to the lowest life cycle cost. The 20 and 24 cm thick cellular 
concrete variants (combined with cavity insulation) lead to an approximately identical 
investment and life cycle cost to the other solid variants. The 30 cm thick variant leads to a 
higher investment and life cycle cost.  
 
Figure 12.30 Financial cost: overview of all analysed variants of the primary layer (loadbearing 
structure) of the outer wall, for two insulation levels. 
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The order of preference of the brick alternatives based on financial cost is as follows: 
perforated building clay bricks (glued), sand-lime bricks (glued), perforated building clay 
bricks (mortar joint), concrete blocks, building clay bricks and finally sand-lime bricks (mortar 
joint). 
For the smallest considered insulation thickness (equivalent of 10 cm rock wool), the 
skeleton variants are not interesting compared to the solid variants, while for the larger 
insulation thickness (equivalent of 20 cm rock wool) two variants (steel frame and FJI) are 
preferred above some of the solid variants. A final, but not unimportant conclusion, is that the 
better insulated variants are preferred for prefab concrete and the skeleton variants, but not 
for the other solid alternatives! 
The contribution of the life cycle financial cost of the primary layer to the life cycle financial 
cost of the entire wall is investigated (Figure 12.31). For the skeleton alternatives, the 
insulation foreseen in the primary layer is included in the cost of this layer. The structure is 
on average responsible for 12 to 18% of the life cycle financial cost of the wall. The 
contribution of the primary layer is approximately identical for the lower and higher insulated 
variants. There is a larger range between minimum and maximum contribution noticed for the 
well insulated skeleton alternatives compared to the ones with a lower insulation level. This is 
due to the inclusion of the FJI profiles as extra structure. 
Since the primary layer of the solid variants contributes on average less than 15% to the life 
cycle financial cost and the difference between minimum and maximum is rather small, the 
optimisation potential of the primary layer is low. The same accounts for the 14 cm thick 
skeleton variants. The optimisation potential of the 24 cm thick skeleton variants is larger 
since there is a larger range between minimum and maximum contribution. The choice of 
insulation put within the primary layer therefore is an important optimisation parameter. 
 
Figure 12.31 Contribution of the life cycle financial cost of the primary layer of the outer wall to the 
life cycle financial cost of the entire wall. 
RESULTS – EXTERNAL COST 
The environmental cost gives a different picture (Figure 12.32) compared to the financial 
cost. For both insulation thicknesses, the solid alternatives lead to a lower initial external cost 
than the skeleton alternatives, while the life cycle cost is comparable. The concrete 
alternatives are not interesting at all, which can be explained by their higher U-value for an 
identical insulation thickness. The same applies to the 30 cm thick cellular concrete variant 
without extra insulation. The other cellular concrete variants are not interesting compared to 
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most solid alternatives except for the variant which is 15 cm thick and provided with 7,5 cm 
rock wool in the cavity. The steel structure is preferable for the skeleton variants with the 
lower insulation thickness. For the skeleton variants with the higher insulation thickness, the 
FJI structure is preferred. In contradiction to the financial cost, the better insulated options 
are preferred above the less insulated ones for all variants. 
 
Figure 12.32 External cost: overview of all analysed variants of the primary layer (loadbearing 
structure) of the outer wall, for two insulation levels. 
 
Figure 12.33 External cost: overview of IE and LE of the outer walls focusing on the stone variations 
(red squares in Figure 12.32) for two insulation levels. 
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Figure 12.33 provides a more detailed picture of the brick alternatives (red squares). The 
Pareto optima based on the external cost are the sand-lime bricks and the perforated 
building clay bricks. As for the financial cost, the contribution of the primary layer to the life 
cycle external cost of the entire wall is investigated (Figure 12.34). The average contribution 
ranges from 9% to 22%, and thus differs much more than that based on financial cost. The 
optimisation potential of the structure is therefore higher from an environmental point of view. 
There is a larger difference of contribution noticed between the two insulation levels, with a 
higher contribution for the higher insulation level. For the lower insulation level, the difference 
between the minimum and maximum contribution is higher for the solid than for the skeleton 
alternatives. This means that the optimisation potential is higher for the solid options. 
 
Figure 12.34 Contribution of the life cycle external cost of the primary layer of the outer wall to the 
life cycle external cost of the entire wall. 
RESULTS – TOTAL COST 
The total cost is mainly determined by the financial cost.  
 
Figure 12.35 Total cost: overview of all analysed variants of the primary layer (loadbearing 
structure) of the outer wall, for two insulation levels. 
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The cavity insulation alternatives with the analysed thicknesses and corresponding U-values 
are summarised in Table 12.04, mentioning the absolute optima for the different scenarios 
from a financial perspective. For the analysis of the skeleton variants, the analysis is 
executed in two steps. In a first step a timber frame with a thickness of 14 cm is analysed for 
different insulation materials: rock wool, glass wool, wood fibre, cellulose flakes and PUR 
foam. Based on this analysis two insulation materials (a rock wool slab and cellulose flakes) 
are selected for optimisation of thickness (second step) in several (24 – 30 – 36 – 41 cm) FJI 
structures. The U-values of the skeleton alternatives are summarised in Table 12.05. 
Table 12.04 Summary of the U-values of the cavity walls, expressed in W/m2K. 
 
Table 12.05 Summary of the U-values of the skeleton alternatives, expressed in W/m2K. 
 
RESULTS FOR CAVITY INSULATION ALTERNATIVES – FINANCIAL COST 
From a financial point of view, the absolute optimal thickness is reached for all insulation 
alternatives. For each of the insulation alternatives the absolute optimal thickness is 
mentioned in the legend of Figure 12.37, and indicated by a continuous circle in Table 12.04. 
The absolute optimum thickness clearly depends on the insulation material. The most 
preferred insulation material is PUR foam if only limited thicknesses are possible. From an 
available thickness of 6 cm, glass wool gains the preference. However the cost of glass wool, 
rock wool and EPS lie close to each other. Cellulose is not at all of interest due to the extra 
required wood structure and OSB board. 
A sensitivity analysis of the life span and the growth rate for energy prices indicate that both 
parameters do influence the absolute optimal thickness for a number of insulation materials. 
The optima for the different scenarios are indicated in Table 12.04: dotted circle for a 
prolonged life span (120 years) and a rectangular for a higher growth rate of energy costs15. 
Even for a very long life span (120 years) and a high increase in energy costs (4% yearly 
growth), the analysis shows that the absolute optimal thickness for most insulation materials 
is already reached at 12 cm (or lower). Exceptions are rock wool (20 cm), glass wool (16,5 
cm), EPS (20 cm) and cellulose flakes (16 cm). 
RESULTS FOR CAVITY INSULATION ALTERNATIVES – EXTERNAL COST 
The analysis of the external cost of the cavity insulation reveals (Figure 12.38) that the 
largest foreseen thicknesses lead to the lowest life cycle cost. Therefore the absolute optimal 
thicknesses are not yet reached. However, for the PUR board the extra required investment 
cost is large for thicknesses greater than 14 cm (composed of a double layer of 7 cm) for 
                                                 
15 If no indication is made, this means the absolute optimal thickness for the specific scenario is equal to the 
previous scenario. 
3 cm 4 cm 5 cm 6 cm 7 cm 7,5 cm 8 cm 9 cm 10 cm 12 cm 14 cm 16 cm 16,5 cm 18 cm 20 cm 22 cm
rock wool 0,53 0,46 0,41 0,35 0,28 0,24 0,21 0,19 0,17 0,16
glass wool 0,46 0,41 0,35 0,30 0,28 0,24 0,21 0,19 0,17 0,16
EPS 0,46 0,41 0,37 0,33 0,28 0,24 0,21 0,19 0,17 0,16
PUR 0,48 0,34 0,26 0,23 0,19 0,15 0,13 0,11 0,11
XPS 0,52 0,45 0,40 0,32 0,27 0,24 0,19 0,15
cellular glass 0,47 0,42 0,38 0,35 0,32 0,29 0,25 0,22 0,20 0,18 0,17
cellulose flakes 0,55 0,44 0,37 0,32 0,28 0,25 0,22 0,20 0,19 0,17
PUR foam 0,57 0,49 0,43 0,38 0,35 0,31 0,29 0,25 0,22 0,19 0,17 0,16
FC optima 60 years, basic scenario
FC optima 120 years, basic scenario
FC optima 60 and 120 years, growth rate energy prices 4%
14 cm 24 cm 30 cm 36 cm 41 cm
timber frame - rock wool 0,29
timber frame - glass wool 0,28
timber frame - wood fibre 0,29
timber frame - cellulose flakes 0,29
timber frame - PUR foam 0,25
FJI - rock wool 0,16 0,13 0,11 0,10
FJI - cellulose flakes 0,17 0,14 0,12 0,10
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only a minor decrease in life cycle cost, which defines the 14 cm option as the sub-optimum. 
The most preferred insulation material is PUR foam if only limited thicknesses are possible. 
From an available thickness of 6 cm, glass wool gains the preference. This corresponds with 
the findings based on financial cost. The environmental costs of PUR foam, glass wool, EPS 
and PUR board lie close to each other. Cellulose is not at all of interest due to the extra 
required wood structure and OSB board. Identical conclusions can be drawn for a longer life 
span (120 years) and a higher CO2-cost (150 euro/ton equivalent). 
 
Figure 12.37 Financial cost: overview of all analysed insulation variants of the cavity wall. 
 
Figure 12.38 External cost: overview of all analysed insulation variants of the cavity wall. 
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RESULTS FOR CAVITY INSULATION ALTERNATIVES – TOTAL COST 
Finally, an analysis of the total cost reveals that the inclusion of the external cost does 
influence the absolute optimal insulation thickness for three of the seven insulation variants. 
It concerns cellular glass with an absolute optimal thickness of 10 cm, PUR foam with 10 cm 
and EPS with 18 cm. The other optima are equal to the ones based on financial cost.  
RESULTS FOR SKELETON INSULATION ALTERNATIVES – FINANCIAL COST 
The analysis of the financial cost reveals that the timber frame variants have a life cycle 
financial cost between 490 and 515 euro/m² wall. The FJI variants require on average a 10% 
higher investment, but for the limited thicknesses lead to a lower life cycle cost. The higher 
thicknesses (36 and 41 cm) lead to an approximately identical life cycle cost to the timber 
frame variants (Figure 12.39). For a limited budget, the timber frame alternatives are thus 
preferred above the FJI structures (this is in contradiction to the external cost [see next 
section]). Furthermore for limited thicknesses rock wool leads to a lower cost than cellulose, 
while for higher thicknesses the opposite is true. This is due to the limited available insulation 
thicknesses on the current market. A double layer of rock wool requires a higher cost, while 
the cost for blowing the cellulose fibres is independent of the thickness. 
From a financial point of view, low density PUR foam leads to the highest cost. 
 
Figure 12.39 Financial cost: overview of IF and LF of the skeleton walls focusing on variations of 
the insulation. 
Sensitivity analysis of the life span (120 years) reveals that the FJI profiles with 30 cm rock 
wool are the most preferred option. The same is valid for a life span of 60 years with more 
rapidly increasing energy prices (4%). If this growth is considered for 120 years, then the 
absolute optimal insulation thickness increases to 36 cm. 
RESULTS FOR SKELETON INSULATION ALTERNATIVES – EXTERNAL COST 
The results for the analysis of the external cost of the skeleton insulation alternatives are 
presented in Figure 12.40. The timber frame variants have a life cycle external cost above 30 
euro/m² wall, while the FJI variants (with thicker insulation layers) all have a life cycle 
external cost of 25 euro/m² wall and below. In contradiction to the financial cost, the FJI 
profiles are always preferred above the timber frame. 
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The cellulose flakes are the most preferred insulation material, followed by glass wool and 
rock wool. The difference between the three is not significant. Both wood fibre and PUR foam 
lead to higher investment and life cycle costs. 
An analysis of the absolute optimal insulation thickness for an FJI structure reveals that for 
the variant with rock wool insulation the absolute optimal thickness is 30 cm, while for 
cellulose the optimum thickness equals 41 cm. 
 
Figure 12.40 External cost: overview of IE and LE of the skeleton walls focusing on variations of the 
insulation. 
For an external cost of 150 euro/ton CO2-equivalent, the absolute optimal thickness of the 
FJI profiles with rock wool is 41 cm. The same conclusion is valid for a life span of 120 years 
with an external cost of 50 euro/ton CO2-equivalent. 
12.04.06 Summary and selection for analysis at the dwelling level 
SUMMARY OF THE OUTER WALL ANALYSIS 
To conclude, all costs (financial and external) of all analysed variants of the outer walls are 
plotted on one graph in order to point out the relation between the financial and external cost 
(Figure 12.41). 
The graph clearly shows that the environmental cost represents only a fraction of the 
financial cost. For the initial costs, this fraction (IE/IF) is on average 5%, with a minimum of 
3% and a maximum of 31%. For the life cycle costs, this fraction (LE/LF) is on average 6%, 
with a minimum of 1% and a maximum of 17%. The inclusion of the external costs in the 
market prices would therefore lead to an increase in investment cost of a relatively low 
percentage (5%) on average but up to ca. 30% for materials with a high environmental 
impact. The increase in life cycle cost is mainly determined by the heating cost and can thus 
differ to a great extent. 
Finally, a closer look at the external costs (red box in Figure 12.41) reveals that the insulation 
level (square symbols) is very important in the determination of the life cycle external cost, 
while the finishing of the wall (cross and diamond symbols) determines mainly the investment 
cost (Figure 12.42). 
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Figure 12.41 Environmental and financial cost of all the outer wall variants. 
 
 
Figure 12.42 Initial and life cycle external cost of all the outer wall variants. 
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SELECTION FOR ANALYSIS AT THE DWELLING LEVEL 
For the newly built outer wall reference, a distinction is made between skeleton and solid 
alternatives. The skeleton reference is defined as a cavity wall with timber frame filled with 
rock wool as primary layer. The internal finishing consists of gypsum board and acrylic paint; 
and the outer leave of brick veneer. The solid reference consists of a primary layer of 
building clay bricks, gypsum plaster with acrylic paint as internal finishing; 7,5 cm rock wool 
cavity insulation (+ 3 cm air cavity) and a brick veneer as outer leave. 
For the existing dwellings, only a solid reference is assumed (although skeleton alternatives 
already occur in the existing dwelling stock, but to a rather limited extent). For the houses 
before 1945 a solid non-cavity wall of 30 cm is assumed (U = 2,19 W/m²K). The outer walls 
of the houses built after 1945 are assumed to be cavity walls. The insulation thickness varies 
for the different periods. The houses built between 1945 and 1970 consist of a non-insulated 
cavity (U = 1,26 W/m²K), those built between 1971 and 1990 are provided with 2 cm rock 
wool (U = 0,74 W/m²K) and for the most recent period 4 cm rock wool is assumed (U = 0,53 
W/m²K).  
For the optimisation of the dwellings, the internal finishing of the walls is not changed since 
gypsum plaster with paint proved to be the optimum from an environmental viewpoint. For 
the timber frame gypsum board is the absolute optimum option. The primary layer consisting 
of building clay bricks is altered to perforated clay bricks. This is however only done for the 
environmental sub-optimum of all analysed dwelling variants (to limit the number of 
simulations). FJI profiles are analysed as alternative for the primary layer of the skeleton 
variants, since these prove to be preferred from an environmental point of view. Four 
thicknesses are included in the analysis (24 – 30 – 36 and 41 cm). The outer leave of brick 
veneer is altered to an external finishing of stucco on insulation and to untreated wood 
planks. The latter does lead to a high financial cost (due to necessary cleaning) but to the 
lowest life cycle external cost if land use is not considered. The analysed variant of stucco on 
EPS board leads to a higher life cycle cost than the brick veneer variant. The detailed 
analysis proved that this is due to a lower heat resistance. Since this variant requires a lower 
investment cost, it is analysed at the dwelling level as an alternative for cavity walls. 
For the analysis of the cavity insulation of the outer walls at the dwelling level, different 
thicknesses of rock wool are compared: 5 cm, 14 cm and 20 cm. Although, the 
environmental cost difference between the insulation materials proved to be low, the rock 
wool is changed to PUR (3 cm, 10 cm and 20 cm) in order to investigate even lower U-
values. For the insulation of the skeleton variants, cellulose fibres are analysed as alternative 
to the rock wool. 
12.05 Pitched roof 
For the analysis of the pitched roof the external finishing, the primary layer and the insulation 
layer are altered. The internal finishing is kept constant since this layer proves to contribute 
to a minor extent to the life cycle external cost (< 10%) and since most alternatives are 
similar to the analysed internal finishes (boards) of the outer walls. 
12.05.01 Primary layer (structure) of the pitched roof 
The analysis of five variants of the primary layer of the pitched roof is elaborated in the 
subsequent paragraphs (23 are analysed in total). The first three are variations of the type of 
truss, while the last two are identical to the first two but with a different insulation thickness.  
The truss of the first variant consists of rafters (R), purlins (P) and arrises (A) (left drawing in 
Figure 12.43), while the second variant is composed of closely placed rafters (right drawing 
in Figure 12.43). The third variant again consists of rafters and purlins but without arrises and 
is covered with prefabricated roof panels (left drawing in Figure 12.43 without the arrises 
(A)). The insulation thickness is kept constant as far as possible and equals approximately 
18 cm mineral wool. For the last two alternatives, the insulation thickness is increased to 30 
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cm. This is not done for the prefabricated roof panel since this is not a thickness that is 
available on the market. 
The external finishing of the roof is kept unchanged and consists of ceramic roof tiles. A 
gypsum board is foreseen as internal finishing, except for the variants composed of 
prefabricated roof panels for which no extra finishing is foreseen. These are already foreseen 
of chipboard. All variants are painted with acrylic paint. 
 
Figure 12.43 Graphical representation of the two types of roof truss. (BBRI, 1996, pp. 11-12) 
 
Figure 12.44 Graphical representation of the roof truss consisting of rafters, purlins and arrises. 
RESULTS – FINANCIAL AND EXTERNAL COST 
Both from a financial and environmental point of view (Figure 12.45 and Figure 12.46), the 
prefabricated roof panels on purlins are the single Pareto optimum. Comparison of the other 
options reveals that from an environmental point of view, the rafters and purlins with the 
largest insulation thickness (30 cm) are preferred. The closely placed rafters have a slightly 
higher life cycle cost: 3% for the smallest foreseen insulation level and 5% for the higher 
insulation level. If land use is not considered, the order of preference does not change.  
Comparison of the alternatives (without the prefabricated roof panels) from a financial point 
of view (Figure 12.45) reveals that the closely placed rafters with the smallest foreseen 
insulation thickness are now preferred. However, the difference between the variants is very 
small (maximum difference of 4%).  
R 
P 
closely 
placed rafters 
A
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Despite the low external and financial cost of the prefabricated roof panel on purlins, this 
option is not further analysed at the dwelling level (both other roof trusses are further 
analysed) since this option does not allow varying the insulation thickness. This is also the 
drawback in reality: since the internal finishing is foreseen above the purlins, extra insulation 
cannot be added afterwards without extra measures. Furthermore the prefabricated panels 
consist of a foil as underlay (while the other variants consist of a fibre cement board), which 
cannot be changed by a board (better acoustical performance) if this is desired. 
 
Figure 12.45 Financial cost: IF and LF of the structure variants of the pitched roof. 
 
Figure 12.46 External cost: IE and LE of the structure variants of the pitched roof. 
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RESULTS – EXTERNAL COST 
The distribution of the external cost is investigated over the constituent layers (Figure 12.47 
and Figure 12.48). The contribution of the primary layer of the roofs is indicated with a box. 
The roof structure is on average responsible for 15% of the life cycle external cost of the roof, 
with a minimum of 10% and a maximum of 17%. The optimisation potential is relatively low 
(approximately 3-5%) as is discussed in the previous paragraphs. The transmission losses 
(for these already well insulated variants!) are on average responsible for 41% and are 
responsible for the highest contribution to the life cycle external cost. The insulation level of 
the roof is thus the most important optimisation parameter, which corresponds with the 
findings of the outer walls. The insulation and the external finishing are on average 
responsible for 16% and 17% of the LE respectively. Of course the former depends on the 
insulation level. The internal finishing is only responsible for 9% of the life cycle external cost.  
 
Figure 12.47 Contribution (absolute) of the different layers of the five variants of the pitched roof. 
 
Figure 12.48 Average contribution (percentage) of the different layers of the pitched roof. 
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12.05.02 External finishing of the pitched roof 
RESULTS – FINANCIAL COST 
From a financial point of view, there are two Pareto optimal solutions (not considering 
variants of the underlay): the corrugated fibre cement roof sheet and the concrete roof tiles. 
Both require a slightly lower investment cost than the ceramic roof tiles. The ceramic roof 
tiles however lead to a lower life cycle cost than the fibre cement roof sheet (due to fewer 
replacements). All other external finishes lead to a higher investment and life cycle cost than 
the ceramic roof tiles. Variation of the underlay does not influence the financial cost to a 
great extent. The underlay foil is however cheaper than the boards.  
 
Figure 12.49 Financial cost: IF and LF of the external finishing variants of the pitched roof. 
RESULTS – EXTERNAL COST 
The analysis of the external cost reveals that the pitched roof with zinc roof tiles leads to a 
high initial and life cycle cost compared to the other alternatives (Figure 12.50). The life cycle 
cost is 146% higher than the lowest life cycle cost (not including variation of the underlay). 
The other alternatives lead to a life cycle cost of between 25 and 45 euro/m² horizontally 
projected roof. The highest cost is perceived for the bitumen shingles and the lowest for the 
ceramic roof tiles (difference of 57%). The different environmental impacts are shown in 
detail for these three extremes, together with the corrugated fibre cement roof sheet (lowest 
initial cost) and the wood shingles (Figure 12.51). The impact of the latter is surprisingly high, 
but can be explained by the land use cost. If this cost is omitted, both the initial and life cycle 
external cost correspond with the costs for the ceramic and concrete roof tiles. 
The high external cost of the zinc roof tiles is mainly due to the ecotoxicity cost, but for all 
other effects except two (land use and depletion of fossil fuels), the impact is also higher than 
for the other variants. The variant with the bitumen shingles has a higher impact in all of the 
considered effects. However the higher impact is striking for the CO2 equivalents, the SO2 
emissions, land use and depletion of fossil fuels. The life span of the shingles is assumed to 
be 15 years, which explains the greater difference in life cycle cost than in initial cost when 
this variant is compared with the others16. The natural slate leads to significantly higher 
                                                 
16 The life span of the roof tiles and natural slate is assumed to be 90 years. For the corrugated fibre cement 
sheet, the fibre cement slate, the wood shingles and the steel and aluminium plate, the life span is assumed to be 
30 years. 
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impacts (compared to ceramic roof tiles) for SO2 (+ 16%), NOx (+ 22%), PM2.5 (+ 30%), 
carcinogens (+ 20%), ecotoxicity (+ 46%) and acidification/eutrophication (+ 20%). The 
emission of NH3 and VOC, carcinogens, respiratory effects due to organic compounds, 
climate change (due to other emissions than the CO2-equivalents considered in the first 
indicator), radiation, ozone layer depletion and depletion of minerals are negligible for all 
alternatives. 
 
Figure 12.50 External cost: IE and LE of the external finishing variants of the pitched roof.17 
 
Figure 12.51 Life cycle environmental impacts for a selected number of pitched roof variants. 
                                                 
17 The life cycle external cost of the third variant is lower than its initial cost. This is due to the positive effect of the 
end-of-life processes. 
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The underlay has been altered for the ceramic roof tile variant and all lead to a lower external 
cost. The underlay with the lowest cost is found to be the wood wool cement boards. The 
difference with the polypropylene (PP) foil and the polypropylene/polyethylene (PP/PE) board 
is however negligible (1%). 
RESULTS – TOTAL COST 
The total cost is mainly determined by the financial cost and does not lead to a different 
ranking of the variants, except for the zinc roof tiles which lead to a higher total investment 
and life cycle total cost than the slate.  
12.05.03 Insulation of the pitched roof 
Five insulation materials are investigated: rock wool, expanded cork, wood fibre, cellulose 
flakes and PUR foam (high density). For the insulation between rafters, extra wooden 
battens are needed to support the insulation blankets. Since this supporting structure proves 
to be the determining factor for the optimal insulation thickness, two variants are analysed for 
the rock wool insulation. The first are wooden battens (38 x 25 mm) under the insulation 
layer (perpendicular to the rafters) each 60 cm. The second option are wooden battens (38 
mm x thickness insulation) between the insulation layer (perpendicular to the rafters) each 60 
cm. For the other insulation variants, the insulation is assumed to be supported by battens 
under the insulation layer (option 1 of the rock wool variants). 
RESULTS – FINANCIAL AND EXTERNAL COST 
The analysis reveals that the absolute optimal insulation thickness is much larger from an 
environmental point of view than that based on financial considerations (Figure 12.52 and 
Figure 12.53).This is presented in more detail for rock wool in Figure 12.54 and Figure 12.55. 
The absolute optimal thickness from a financial point of view is limited to insulation between 
the arrises. The only exception is the cellulose insulation with an optimal thickness of 18 cm.  
For the cellulose variants the final two options lead to a higher external cost than the 
previous ones. This is due to the extra wood battens (higher investment) which are needed 
for an insulation level that is greater than the thickness of the purlins and arrises (> 30cm). 
 
Figure 12.52 External cost: IE and LE of the insulation variants of the pitched roof. 
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Figure 12.53 Financial cost: IF and LF of the insulation variants of the pitched roof. 
 
Figure 12.54 Contribution of the different layers to LE for 5 thicknesses of rock wool insulation. 
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Figure 12.55 Contribution of the different layers to LF for 5 thicknesses of rock wool insulation. 
The absolute optimal thickness based on environmental considerations differs between the 
insulation types and is summarised in Table 12.06. Prolonging the life span to 120 years 
increases the absolute optimal thickness for all variants except for rock wool with the 
supporting structure under the insulation layer. 
For a life span of 120 years on the one hand, and for a greater increase of energy prices (g = 
4%) on the other hand, the absolute optimal thickness based on financial cost, increases as 
follows (for the other materials no increase is noticed): 
• Rockwool (wood under): 8 cm => 8 + 18 cm 
• Rockwool (wood between): 8 cm => 8 + 18 cm 
• Cellulose: 18 => 26 cm 
Table 12.06 Summary of the investigated U-values (W/m²K), indicating the absolute optimum 
based on environmental cost. 
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RESULTS – TOTAL COST 
Analysis of the total cost reveals that the cost is mainly determined by the financial cost. 
However, for rock wool with the supporting structure under the insulation layer, the absolute 
optimal thickness is increased to 8 + 18 cm and for cellulose the absolute optimal thickness 
has increased to 22 cm. 
 
Figure 12.56 Total cost: IT and LT of the insulation variants of the pitched roof. 
12.05.04 Selection for analysis at the dwelling level 
The roof truss of the reference dwellings are composed of rafters and purlins with ceramic 
roof tiles as external finishing and painted gypsum board as internal finishing. The insulation 
level varies between the different time periods. For the first two periods (before 1945 and 
1945-1970) no insulation is foreseen. For all other periods 8 cm rock wool is foreseen, 
except for the newly built with 14 cm rock wool. The latter corresponds with a U value of 0,26 
W/m²K, which is lower than the maximum allowed value of 0,30. However, 8 cm between the 
arrises results in a U-value of 0,39 which does not fulfil the requirement. If extra insulation is 
put between the purlins, 6 cm seems a minimum thickness. 
For the optimisation of the pitched roof, both roof trusses are compared. For the rafters and 
purlins with arrises the insulation thickness varies from 0 to 38 cm rock wool, while for the 
closely placed rafters it varies from 10 to 30 cm rock wool. The variant with cellulose 
insulation is investigated as an extra optimum for the optima at the dwelling level. The 
external finishing is not altered since the ceramic roof tiles prove to be the absolute optimal 
from all analysed alternatives. The cement fibre board is taken as reference underlay and is 
maintained for all options except for the extra variants with cellulose insulation. For these the 
wood wool board is selected. 
12.06 Flat roof 
In accordance with the pitched roof, the external finishing, the primary layer (structure) and 
the insulation layer of the flat roof are analysed. 
12.06.01 Primary layer (structure) of the flat roof 
Nine variants of the primary layer of the flat roof are analysed, summarised in Figure 12.57. 
For the flat roofs consisting of a beam structure, the insulation is preferably put over the roof 
structure to avoid moisture problems due to internal condensation. This is presented on the 
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second drawing in Figure 12.57. However, as can be seen on the figure, for high insulation 
levels the roof becomes extremely thick. Therefore the alternative, often applied in passive 
houses, with insulation between the roof structure is analysed too (last drawing). In order to 
reduce the risk for internal condensation, an extra insulation layer is foreseen above the roof 
beams. Moreover, it is important to notice that the air-tight vapour barrier should carefully be 
executed and the boarding should be dry (RH < 80%) when put in place. 
 
- reinforced hollow concrete slab: 16,5 cm 
- pre-stressed hollow concrete slab: 12 cm 
- cellular concrete slab: 15 cm*18 
- reinforced concrete slab: 15 + 5 cm 
- beams and infill blocks (concrete): 12 cm 
- beams and infill blocks (clay): 12 cm 
- in situ reinforced concrete: 15 cm 
* the cellular concrete slab and the beams with 
clay infill blocks are foreseen of 22 cm and 24 
cm rock wool respectively instead of 26 cm 
 
 
 
 
 
 
 
- wood beams: 22 cm 
- FJI beams: 24 cm 
 
 
 
 
 
 
- wooden planks 
- plywood 
- reinforced wood wool cement board 
 
 
 
 
 
- wood beams: 22 cm 
- FJI beams: 24 cm 
 
Figure 12.57 Graphical representation of the analysed flat roof structures. 
                                                 
18 As for the outer walls, the influence of the initial water content in the cellular concrete slab on the heating 
demand is taken into account. 
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Beside variation of the structure, three alternatives for the OSB boarding are analysed (third 
drawing).  
The U-value of the variants is kept as constant as possible in order to avoid any influence of 
differences in heating demand due to different transmission losses. Consequently the variant 
with the cellular concrete slab and the one with beams and clay infill blocks are provided with 
22 and 24 cm rock wool respectively instead of 26 cm for the other roof slabs. 
For the second group of flat roofs, consisting of a beam structure as primary layer, the FJI 
variant is composed of 24 cm rock wool between the profiles and the wood beams with only 
22 cm. Furthermore for these roof types (insulation between the roof structure), 4 cm 
insulation (resol) is added on top of the roof structure. This results in a lower U-value for the 
FJI structure (0,11 W/m²K). The 4 cm resol is a rather thin insulation layer, but is chosen in 
order to obtain comparable U-values and therefore enable comparison of the structural part. 
The outer wall part that is necessary to form the roof edge is included in the analysis, since a 
larger roof thickness has an influence on the amount of outer wall. For the outer wall a cavity 
wall is assumed consisting of building clay bricks, 10 cm PUR, an air cavity and brick veneer. 
RESULTS – FINANCIAL COST 
The cellular concrete slab leads to the lowest life cycle financial cost and is the only Pareto 
optimum (Figure 12.58). The pre-stressed hollow concrete slab is the second best choice, 
followed by the beams and clay block infill. The FJI beams and wood purlins lead to a higher 
initial and life cycle cost than the slab alternatives. The wood beams with insulation in the 
primary layer (between the beams) leads to an approximately identical initial and life cycle 
financial cost than the one with insulation over the beams. The option consisting of FJI 
profiles with insulation over the structure is preferred above the one with insulation in 
between the structure. The wood beams are preferred above the FJI profiles. The OSB is 
revealed to be the most preferred roof boarding. 
 
Figure 12.58 Financial cost: IF and LF of the structure variants of the flat roof. 
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RESULTS – EXTERNAL COST 
As for the financial cost, the only Pareto optimum equals the cellular concrete slab (Figure 
12.59). If this variant were not considered, the environmental Pareto front would consist of 
the beams with concrete block infill and the FJI beams with insulation in between the 
structure. 
The difference between the highest and lowest life cycle external cost (not considering the 
variants of the boarding) is 29% of the maximum cost. The optimisation potential of the roof 
structure is thus high. 
The FJI beams are preferred above the wood purlins. The difference between the insulation 
between or over the roof beams is small with a small preference for the ‘in between’ option. 
Because of the higher moisture risk for the latter, the extra cost for insulation over the roof 
structure seems justified. For extremely insulated roofs, the option with insulation between 
the structure and over the structure may be preferred to limit the thickness of the roof. 
 
Figure 12.59 External cost: IE and LE of the structure variants of the flat roof. 
All boarding alternatives lead to an approximately identical life cycle external cost, except for 
plywood which leads to a remarkably higher initial and life cycle external cost. The 
contribution of the layers of the variant with a plywood and OSB boarding is shown in Figure 
12.60. The external costs for the considered environmental impacts from both options are 
compared in Figure 12.61. The plywood roof plate contributes to a large extent to the overall 
LE. The higher cost compared to OSB shows this to be due to the land use. 
RESULTS – TOTAL COST 
The total cost is mainly determined by the financial cost and does not lead to other decisions.  
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Figure 12.60 Contribution of the different layers to the LE for the flat roof with OSB and plywood 
boarding. 
 
Figure 12.61 Different LE impacts for the flat roof with OSB and plywood boarding. 
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12.06.02 Insulation layer of the flat roof 
25 variants of the insulation layer of the flat roof consisting of a reinforced hollow concrete 
slab are analysed. The variants differ in type of insulation and insulation thickness. As for the 
previous elements, only available thicknesses of insulation boards on the current market are 
considered. Therefore, these are sometimes executed in two layers in order to achieve the 
desired thickness. This, of course, has its effect on the financial cost. The internal and 
external finishing of the flat roof is kept constant and consists of acrylic paint on gypsum 
plaster and EPDM respectively. The composition of the roof is graphically represented in 
Figure 12.57 (top drawing), while the insulation types and levels with the corresponding U-
values are summarised in Table 12.07. The EPS insulation is foreseen of a 5 cm layer of 
gravel on top of the roof as a protection layer against melting due to high temperatures (sun). 
Table 12.07 Summary of the U-values (W/m²K) of the flat roof insulation variants on a hollow 
concrete slab. 
 
An identical analysis is executed for the insulation of wooden beams and joists and FJI 
beams in case insulation is put between the beams. Although in the previous section 
insulation above the structure is recommended in case of rock wool, in this section it is 
investigated if the same is true for other insulation alternatives which can only be used 
between the beams. Five variants of the insulation are considered (with a fixed insulation 
layer on top): 
- wood purlins + rock wool (22 cm) – for comparative base 
- wood purlins + cellulose (22 cm) 
- wood purlins + PUR foam (22 cm) 
- FJI profiles + rock wool (24 cm) – for comparative base 
- FJI profiles + cellulose (24 cm) 
The internal and external finishes are again kept constant and consist of acrylic paint on 
gypsum board and EPDM respectively. For the fixed insulation on top of the roof structure, 4 
cm resol is assumed. The composition of the roof is graphically represented in Figure 12.57 
(centre drawing). The flat roofs consisting of wooden joists and beams have a U-value of 
0,16 W/m²K, while the roofs with FJI beams have U-value of 0,15 W/m²K. These roof 
variants can of course be combined with other insulation layers on top of the structure. For 
this analysis, the results for the insulation variants on the hollow concrete slab can be 
consulted. 
RESULTS – FINANCIAL COST 
Although the analysis reveals that the life cycle cost is more influenced by the insulation 
thickness than by the insulation type, rock wool is identified as the most preferred insulation 
material from a financial perspective (Figure 12.62).  
The absolute optimal thicknesses differ for the insulation materials considered and are 
indicated in Table 12.07 for different scenarios (different life span and economic values). For 
a life span of 120 years, with a high growth rate of energy prices (4%) the absolute optimal 
thicknesses equal the largest foreseen thickness.  
6 cm 8 cm 10 cm 12 cm 14 cm 16 cm 17 cm 18 cm 20 cm 24 cm
rock wool 0,55 0,36 0,30 0,23 0,19 0,16
EPS 0,40 0,32 0,27 0,21 0,17
PUR 0,41 0,25 0,21 0,15 0,13 0,11
wood fibre 0,63 0,35 0,24 0,18
resol 0,32 0,21 0,15 0,11
FC optima 60 years, basic scenario
FC optima 120 years, basic scenario and 60 years, growth rate energy prices 4%
FC optima 120 years, growth rate energy prices 4%
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Furthermore, the insulation variants between beam structures have a life cycle financial cost 
which are higher than for most of the insulation variants on top of the roof slabs. From all 
considered alternatives for insulation between beams, cellulose gains the preference. 
 
Figure 12.62 Financial cost: overview of IF and LF of the flat roofs focusing on the insulation. 
RESULTS – EXTERNAL COST 
The analysis of the external cost for the insulation variants on top of roof slabs clarifies that 
the insulation thickness rather than the insulation type influences the life cycle cost (Figure 
12.63). This is in line with the financial cost conclusions. 
 
Figure 12.63 External cost: overview of IE and LE of the flat roofs focusing on the insulation. 
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The resol variants lead to the lowest cost, while wood fibre variants lead to the highest cost. 
For all insulation types, the largest foreseen thickness is the absolute optimum, except for 
PUR board with 17 cm as the absolute optimal thickness.  
The analysis of the insulation variants between beam structures reveals that cellulose is 
preferred above rock wool and PUR foam. Furthermore the beam structures with insulation 
lead to a lower life cycle external cost than the slab variants with insulation on top. This is in 
contradiction to the results based on financial cost. 
RESULTS – TOTAL COST 
The analysis of the total cost (Figure 12.64) reveals that the inclusion of the external cost 
influences the preferred insulation type and absolute optimal insulation thickness compared 
to decisions based on financial cost only. Rock wool leads to the lowest life cycle total cost 
with an absolute optimal thickness of 16 cm. 
 
Figure 12.64 Total cost: overview of IT and LT of the flat roofs focusing on the insulation. 
12.06.03 External finishing of the flat roof 
For the external finishing of the flat roof, three variants are analysed: EPDM, APP bitumen 
and PVC. Furthermore, for the EPDM alternative, different variants of the flat roof edge are 
compared. The initial and life cycle external cost of all variants are shown in Figure 12.65 
and the initial and life cycle financial cost in Figure 12.66. A comparison of both reveals that 
decisions based on external cost and financial cost are completely different. Based on 
external cost the EPDM-finishing gains the preference, while the APP bitumen is preferred 
from a financial point of view. A roof edge consisting of the blue stone from China results in 
the lowest life cycle financial cost and in the highest life cycle external cost. The roof edge of 
concrete stones is preferred from an environmental point of view, followed by the blue stone 
from Belgium. The latter however leads to the highest life cycle financial cost. 
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Figure 12.65 External cost: overview of IE and LE of the flat roofs focusing on variations of the 
external finishing. 
 
Figure 12.66 Financial cost: overview of IF and LF of the flat roofs focusing on variations of the 
external finishing. 
The analysis of both the flat roof finishes and the roof edge alternatives reveals that the latter 
can influence the life cycle cost to the same extent as the former, both from an environmental 
and financial point of view. However the ratio of the roof edge is a determining factor for this 
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observation. For the analysis, a detached house is assumed with a roof edge ratio of 0,35 
m/m² roof, more specifically there is 52,5 meter of roof edge for a roof surface of 149 m². 
12.06.04 Selection for analysis at the dwelling level 
The reference flat roof for the newly built dwellings is composed of a reinforced hollow 
concrete slab with 12 cm of rock wool (U-value of 0,30 W/m²K), an EPDM roof finishing and 
paint on gypsum plaster as internal finishing. For the skeleton alternatives, the roof slab is 
altered by wood beams with a gypsum board as internal finishing (U-value of 0,27 W/m²K). 
For the optimisation of the “solid” variants of the dwelling, 5 options for the flat roof are 
analysed: the reference with an increased insulation thickness of 16 and 24 cm rock wool; 
and a cellular concrete slab with 14, 20 and 28 cm resol. 
For the “skeleton” variants, wood beams with 6 – 10 and 16 cm resol over the beams are 
analysed as alternatives. For the larger insulation thicknesses, the FJI beams with 24 – 30 – 
36 and 41 cm cellulose between the beams are assumed. In order to avoid internal 
condensation, an extra insulation layer (resol) is placed over the beams with a thickness of 
respectively 6, 8, 10 and 12 cm.  
The same composition as the reference for the newly built dwellings is assumed for the 
references of the different periods considered, but with differing insulation thickness. The 
assumed thicknesses with the corresponding U-values are as follows: 
- < 1970:   2 cm rock wool and U = 1,24 W/m²K 
- 1971 - 1990:   6 cm rock wool and U = 0,55 W/m²K 
- 1991 - 2001:  8 cm rock wool and U = 0,43 W/m²K 
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12.07 Heating, domestic hot water and ventilation 
The analysis of the technical installation for space heating, domestic hot water and 
ventilation can only be executed at the dwelling level. In order to limit the number of 
combinations at the dwelling level, an analysis of the installation is made for a non-
insulated19 (K100) and well-insulated (K20) detached dwelling as two extremes. The air-
tightness of the former is assumed as the standard value in EPB, while the latter has an air-
tightness of 0,6 air changes per hour. The dwelling represented in the previous chapter, 
paragraph 11.04.04 (page 168) is considered for the analysis. In order to focus on the 
technical services, the building elements are kept constant. Furthermore, only the cost 
(external and financial) for the heating installation and the energy costs are considered. 
However, the importance of the installation cost in the total dwelling cost is presented too 
(Figure 12.69 and Figure 12.70). The life span of the dwelling is assumed to be 60 years with 
a life span of the technical services of 30 years. 
The technical services for space heating and domestic hot water are very often closely 
related. Although the alternative technical services considered are described separately 
(paragraph 12.07.01 and 12.07.02), the analysis is performed for both together (paragraph 
12.07.04). The analysis first focuses on the Pareto optima for both the K100 and K20 
dwelling, followed by a more detailed analysis of the costs for a selection of the alternatives. 
The latter is moreover extended with some options which are not considered in the 
optimisation. For the analysis of the installation for space heating and domestic hot water, 
the ventilation is assumed to consist of natural supply and exhaust. The different ventilation 
systems are described and analysed separately in section 12.07.06. 
12.07.01 Space heating - description 
Within the analysis only individual central heating systems are considered. The technical 
installation for space heating can be subdivided in different components: production (A), 
distribution (B), emission (C) and control (D). Although each of these can be altered and 
optimised, hardly any of these can be investigated separately since the components 
influence each other. The flowchart in Figure 12.67 provides an overview of the 
configurations considered distinguishing the four components. A differentiation can be made 
between “commonly used” systems and advanced ones (light grey, dotted box in the 
flowchart). The advanced ones are only considered for the well-insulated dwelling. 
For the K100 dwelling the design heat load equals 14 kW and for the K20 dwelling 5 kW20. 
The required capacity of the boiler depends on the type of emission components, control 
system, distribution losses and pump used. The capacity is calculated based on the formulae 
in Toegepaste Bouwfysica 3 – Gebouwen en installaties (Hens, 1996). For the K100 dwelling 
different types of oil and gas boilers are compared. Both the oil (non-condensing and 
condensing) and gas (classic atmospheric and burner) boilers are floor models, except for 
the condensing gas boiler, which is a wall model. Beside these gas and oil boilers, four types 
of heat pumps and two types of pellet boilers are considered for the K20 dwelling. A 
ground/water (with vertical or horizontal heat exchange), an air/water and an air/air heat 
pump are compared. Both a non-condensing and condensing pellet boiler are considered 
with a storage silo and automatic supply.  
For all analysed options, only one type of distribution system is considered21. It concerns a 
double-pipe octopus-system. Each emission device is connected with local collectors in a 
loop via PE ducts. The PE ducts in reality differ in diameter, but are simplified to a fixed outer 
diameter of 16 mm and a thickness of 2 mm. The same type of ducts is used for the supply 
                                                 
19 The dwelling is assumed to be already provided with standard double glazing. 
20 The design heat load is calculated based on the NBN EN 12831 (BIN - Belgisch Instituut voor Normalisatie, 
2003). 
21 This component only has a minor influence on both the financial and external cost and is therefore not altered 
(see further). 
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of water. This simplification seems justified because of the small impact of the ducts to the 
total heating installation cost. 
The sizing of the emission component depends on the type of emission device and the 
control system. The emission component is automatically sized in the model, based on the 
formulae in Toegepaste Bouwfysica 3 – Gebouwen en installaties’ (Hens, 1996). Different 
types of radiators and convectors are compared: a column radiator of cast iron and steel 
plate, a panel radiator of steel plate, a wall convector of aluminium, a trench convector of 
polyester (PET) or steel with aluminium or merbau grid. The convectors are only used in the 
living room on the ground floor, for the other rooms panel radiators are assumed. The same 
accounts for the floor heating alternative (on steel mats or on button board). 
Two control systems are compared for both the high efficiency and condensing boilers: a 
room thermostat combined with manual valves (RT+MV) and a clock control with 
thermostatic valves (on/off+TV). Moreover, for the (modulating) condensing boiler, an extra 
option with an outdoor sensor (OS) is analysed. 
 
Figure 12.67 Flowchart of space heating systems, based on (Putzeys, Janssen, Allacker, De 
Troyer, & Debacker, 2010, p. 234) 
12.07.02 Domestic hot water - description 
For the analysis of domestic hot water, only individual installations are considered.  
 
Figure 12.68 Flowchart of domestic hot water systems, based on (Putzeys, Janssen, Allacker, De 
Troyer, & Debacker, 2010, p. 235) 
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Similar to space heating, the technical installation for domestic hot water can be subdivided 
in different components: production (A), distribution (B) and storage (C). The flowchart of the 
installation is presented in Figure 12.68, distinguishing the three components.  
A differentiation is made between installations coupled to the space heating installation and 
independent systems. For the latter, two alternatives are compared a gas geyser22 (with a 
capacity of 14 l/min for ∆T = 25K, or 7 l/min for ∆T = 50K) and an electric boiler of 120 litres. 
For the systems coupled to space heating, an instant boiler is compared with a storage 
vessel of 120 litres for oil and gas generated furnaces and of 300 litres for the heat pumps. 
The latter has a larger size in order to reduce the on/off switching of the heat pump in favour 
of a better efficiency (BECO; TNO MEP; IDEG De Nayer instituut ). Furthermore, solar 
boilers23 using an existing or external storage vessel are analysed. 
As for the heating installation, the distribution system (B) for water is not altered because of 
its small importance in the total domestic hot water cost. It consists of PE tubes with an outer 
diameter of 16 mm and thickness of 2 mm. 
12.07.03 Building cost analysis 
For the analysis of the contribution of energy and technical installation cost to the total 
dwelling cost, a condensing gas boiler with low temperature panel radiators – which also 
produces hot water (instant) - is selected24.  
The distribution of the costs for the K100 and K20 detached dwelling is represented in Figure 
12.69 and Figure 12.70. The technical services represent 3% (K20) to 4% (K100) of the 
financial life cycle cost of the building, while the other elements represent 82% (K100) to 
91% (K20). Heating and domestic hot water are responsible for 6% (K20) to 14% (K100). 
 
Figure 12.69 Relative importance of services in the life cycle cost of a representative non-insulated 
detached dwelling (K100). 
 
Figure 12.70 Relative importance of services in the life cycle cost of a representative well-insulated 
detached dwelling (K20). 
                                                 
22 The power of the geyser equals 14 kg / 60 seconds x 4.186 J/(K x kg) x 25 K= 24,4 kW. 
23 The solar boiler combined with an oil and gas generated furnace has a capacity of 120 litres, while the ones 
combined with heat pumps or pellet furnaces are assumed to have a capacity of 300 litres. 
24 This installation is selected because it appears on all Pareto fronts (EC and FC and for both insulation levels). 
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From an environmental point of view, heating represents the most important part of the life 
cycle cost, ranging from 53% (K20) to 76% (K100). The technical services are responsible 
for 2%, while the contribution of the other elements ranges from 22% (K100) to 45% (K20). 
The total life cycle cost is mostly determined by the financial cost, which explains the parallel 
between the distribution of the costs based on total and financial considerations. For other 
layouts and dwelling types the distribution of costs will of course differ. 
12.07.04 Space heating and domestic hot water - analysis 
NON-INSULATED DETACHED DWELLING (K100) 
For the commonly used systems, the results for 111 alternatives are described. These 
alternatives only consider the panel radiator (+ combined with floor heating on steel mats) as 
emission component. For the Pareto optima, the other emission options are analysed 
separately (paragraph 12.07.05). This is done in order to achieve tangible graphs. 
Both the financial and external cost of the alternatives prove to be widely spread (Figure 
12.71 and Figure 12.72). 
Results – financial cost 
From a financial point of view, only three Pareto optima are identified, all consisting of panel 
radiators. The first consists of an atmospheric gas boiler while the latter two consist of a 
condensing gas boiler. The first Pareto optimum is a low temperature system and its control 
system consists of an outdoor temperature sensor combined with a room thermostat and 
manual valves. 
 
Figure 12.71 Financial cost: overview of all analysed heating and domestic hot water installations 
for the detached dwelling K100. 
The second Pareto optimum is a high temperature system and is controlled by thermostatic 
valves, while the third one is a low temperature system controlled by an outdoor temperature 
sensor in combination with thermostatic valves (and a clock in the living room). The three 
Pareto optima consist of an instant water heater coupled to the space heating installation. 
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The life cycle financial cost reduction between the three optima equals 11%. The life cycle 
financial cost reduction of all analysed options equals 40%. 
For the production of domestic hot water, the electric boilers do not require a high investment 
cost, but do lead to a high life cycle cost. The solar boilers25 on the other hand require a high 
investment cost which is not compensated by the reduction of the costs during use phase26. 
The oil boilers require a higher investment cost than the gas boilers. However, the gas 
distribution in the street is not included in the initial cost27, while the oil storage tank is 
included in the investment cost. The atmospheric gas boilers require a slightly lower 
investment cost than the gas burners but lead to an approximately identical life cycle cost. 
The condensing gas boilers lead to the lowest life cycle cost. Floor heating is more 
expensive than panel radiators, both in terms of initial and life cycle cost. 
Results – external cost 
From an environmental point of view, six Pareto optima are identified and summarised in 
Table 12.08. The first Pareto three options consist of a gas burner, while the latter three 
consist of a condensing gas boiler. Although the condensing gas boilers lead to a reduction 
of the life cycle environmental cost, they require a relatively high extra environmental 
investment cost. This can be explained by the fact that the condensing (gas and oil) boilers 
are composed of stainless steel, while the others are composed of either cast iron or steel. 
The oil boilers require a higher investment and life cycle cost than the gas boilers. The 
atmospheric gas boilers are assumed to induce an identical external investment cost to the 
gas burners since no other data were available. Since the efficiency of the gas burners is 
higher, the life cycle cost is lower than for the atmospheric boilers. 
 
Figure 12.72 External cost: overview of all analysed heating and domestic hot water installations for 
the detached dwelling K100. 
                                                 
25 The solar panels (4,4 m²) are south oriented, under 45° inclination and no shading occurs. 
26 As mentioned before, subsidies and other incentives are not considered. 
27 This cost is included in the price of gas and is thus included in the heating cost. 
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Floor heating leads to a slightly lower initial environmental cost than the panel radiators, but 
the life cycle cost is approximately identical. Both emission options are competitive but this 
explains while only the floor heating alternative appears on the Pareto front. 
The initial environmental cost of the solar boilers is compensated by the reduction of the 
environmental costs during use phase. In contradiction to the financial cost, the life cycle cost 
is slightly lower than for the systems without solar boilers. From an environmental point of 
view, solar boilers are thus interesting compared to an identical system with storage vessel 
heated by the CV boiler or electrically heated. However, the solar boilers do not appear on 
the Pareto front because coupled instant water heating is preferred above a storage vessel. 
Table 12.08 Pareto front based on external costs (IE versus LE) for the K100 dwelling with a life 
span of 60 years 
configuration space heating configuration domestic hot water 
IE 
(euro) 
LE 
(euro) 
gas burner; floor heating; MV+RT+OS instant coupled         686,00        34.419,22  
gas burner; floor heating; MV+RT+OS instant coupled + 1 geyser         900,16        34.308,14  
gas burner; floor heating; MV+RT+OS 2 geysers      1.114,31       34.205,98  
gas condensing; floor heating; TV+OS instant coupled      1.315,28        29.031,46  
gas condensing; floor heating; TV+OS instant coupled + 1 geyser      1.529,43        28.920,39  
gas condensing; floor heating; TV+OS 2 geysers      1.743,59        28.818,22  
*RT = ROOM THERMOSTAT, TV = THERMOSTATIC VALVES, OS = OUTDOOR SENSOR 
WELL-INSULATED DETACHED DWELLING (K20) 
For the assessment of the highly insulated dwelling, six extra installations are considered 
which can be seen as advanced services. They concern several heat pumps28 and two pellet 
furnaces. The results are presented in Figure 12.73 (FC) and Figure 12.74 (EC). 
For this dwelling, the design heat load for space heating equals 5 kW as mentioned before. 
The capacity of the boiler for space heating therefore is about 8 – 10 kW. However, for the 
options where the domestic hot water production is coupled to the space heating installation, 
the dimensioning of the capacity of the boiler also depends on the need for domestic hot 
water production. For an instant boiler, a capacity of 24,4 kW29 is assumed (equal as for the 
stand-alone geysers), while for the system with storage vessel the capacity of 8 -10 kW of 
the boiler is assumed sufficient30. For some of the boiler types, no such small devices are 
available on the current market. For these, the smallest available is selected. 
Results – financial cost 
The same conclusions as for the K100 dwelling are valid for the well-insulated dwelling. 
However, one extra option is added to the Pareto front: the condensing gas boiler with a 
separate geyser for the kitchen. The systems with the production of domestic hot water 
coupled to the space heating are thus preferred despite the higher capacity of these devices 
compared to the separated systems. 
Based on financial cost the heat pumps do not compete with the “traditional” heating 
systems, the pellet furnaces on the other hand result in a life cycle cost which is about the 
average of the other options. The high life cycle cost of the heat pumps is due to the high 
initial cost, replacement cost and the high energy cost for the production of hot water. 
                                                 
28 For the option with the air/air heat pump, a mechanical (preheated) supply and exhaust of the ventilation air is 
assumed. 
29 The capacity of 24,4 kW assumes a production of 14 l/min at ∆T 25°C. This is a peak demand during 
showering. 
30 For a storage vessel of 120 litres which needs to be heated to 60°C (from an average water temperature of 
10°C) and assuming a boiler of 8 kW, the time needed to heat up the boiler equals 120 kg x (60-10 K) x 4.186 
J/kgK / 8.000 W= 3.139,5 seconds or less than 1 hour. 
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Figure 12.73 Financial cost: overview of all analysed heating and domestic hot water installations 
for the detached dwelling K20. 
Results – external cost 
From an environmental perspective, the heat pumps and the pellet furnaces compete with 
the gas and oil boilers. The options on the Pareto front are summarised in Table 12.09. 
 
Figure 12.74 External cost: overview of all analysed heating and domestic hot water installations for 
the detached dwelling K20. 
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Table 12.09 Pareto front based on external costs (IE versus LE) for the K20 dwelling with a life 
span of 60 years 
configuration space heating configuration domestic hot water 
IE 
(euro) 
LE 
(euro) 
gas burner; panel radiator; MV+RT instant coupled 450,63 13652,80 
gas burner; panel radiator; MV+RT+OS instant coupled 457,46 13372,05 
gas burner; panel radiator; MV+RT+OS instant coupled + 1 geyser 671,61 13260,98 
pellet condensing; panel radiator; TV+RT+OS coupled storage vessel 813,07 12813,58 
gas condensing; panel radiator; TV instant coupled 1068,28 12426,33 
gas condensing; panel radiator; TV+OS instant coupled 1086,73 12065,58 
gas condensing; panel radiator; TV+OS instant coupled + 1 geyser 1118,11 11869,81 
gas condensing; panel radiator; TV+OS 2 geysers 1332,27 11767,65 
air/air heat pump; RT+OS coupled storage vessel 1371,87 11355,96 
air/water heat pump; panel radiator; 
TV+RT+OS coupled storage vessel 1555,34 8010,77 
ground/water horizontal heat pump; panel 
radiator; TV+RT+OS coupled storage vessel 1830,79 7998,67 
*RT = ROOM THERMOSTAT, TV = THERMOSTATIC VALVES, OS = OUTDOOR SENSOR 
The Pareto options differ from the ones for the K100 dwelling. The first three Pareto options 
are gas burners coupled with instant domestic hot water production. The condensing gas 
boiler requires a higher initial environmental cost, but leads to a lower life cycle cost. The 
same trend is noticed for the gas condensing boiler. The pellet boiler is however combined 
with a storage vessel while the gas boiler is coupled to instant heating of domestic hot water. 
The options at the end of the Pareto front are the air/air heat pump, the air/water heat pump 
and the ground/water heat pump with horizontal heat exchange, all coupled with a storage 
vessel for domestic hot water. 
OVERALL RESULTS FOR BOTH THE K100 AND K20 DETACHED DWELLING 
In order to compare the overall results for both the K100 and K20 dwelling (and take into 
account the extra cost for insulation), the costs are calculated for the whole dwelling. This 
differs from the previous graphs for which the cost was limited to the technical installation 
and heating. The costs in Figure 12.75 and Figure 12.76 are expressed per m² floor area. 
The comparison reveals that the K20 building leads to a lower life cycle external, financial 
and total cost than the K100 dwelling. The external life cycle cost is on average reduced by 
46%, the life cycle financial cost by 4% and the life cycle total cost by 8%. The reduction in 
the life cycle cost is primarily due to the reduction of the energy use during use phase, and 
secondly due to the need for a smaller heating installation (smaller radiators and boilers). 
The contribution of the choice of the heating installation on the decrease in the life cycle 
external cost depends on the insulation level of the dwelling. For the K100 dwelling, the 
difference between minimum and maximum life cycle external cost equals 41%, for the K20 
dwelling, the difference is 45%. Opting for another heating installation can lead to a reduction 
of the life cycle financial cost of 10% for the K100 dwelling and of 8% for the K20 dwelling. 
The same analysis for the total life cycle cost reveals a possible reduction of 13% and 9% 
respectively. 
The external life cycle cost proves to contribute on average 6% to the total life cycle cost, 
with a minimum of 3% and a maximum of 10%. The contribution of the external cost to the 
initial cost equals on average 5% with a minimum of 5% and a maximum of 6%. 
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Figure 12.75 Overview of the dwelling cost (FC, EC, TC) for the detached dwelling K20 and K100. 
 
Figure 12.76 External cost: overview of the dwelling cost for the detached dwelling K20 and K100. 
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12.07.05 Cost analysis of the emission component 
For the gas condensing boiler, coupled to the production of domestic hot water (instant), a 
number of emission alternatives are analysed (Figure 12.77). The control mechanism 
consists of a clock and thermostatic valves. The analysis is carried out for the K100 dwelling. 
However, similar conclusions can be drawn for the K20 dwelling. 
 
Figure 12.77 Comparison of emission systems of commonly used space heating systems (in euro) 
for the non-insulated dwelling (K100) for a life span of 60 years. 
No substantial differences in total life cycle cost are discerned between all emission systems 
studied. The column radiator in cast iron and the trench convectors lead to the highest life 
cycle cost due to the higher investment (and replacement) cost. 
12.07.06 Ventilation 
Four ventilation systems are investigated for the well-insulated dwelling: 
- System A: natural supply and exhaust of air 
- System C: natural supply and mechanical exhaust of air 
- System C+: natural supply and controlled mechanical exhaust of air 
- System D+: mechanical supply and exhaust of air with heat recovery 
Natural supply of air is provided through ‘invisible’ ventilation grids integrated in the window 
frames. For system C and C+, a ventilation unit of 35 W is used with a capacity of 150 m³/h, 
while for system D a unit of 180 W with a capacity of 225 m³/h is assumed. Controlled 
exhaust of air is done through the use of sensors (75W) measuring the concentration of CO2 
and relative humidity. Recovery of heat through ventilation is carried out through the use of a 
cross-flow heat exchanger. System C+ and D+ are assumed to result in a decrease of 32% 
of the ventilation rate (source: VITO). 
For all configurations studied the distribution components consist of galvanised steel circular 
ducts with a diameter of 160 mm. A roof passage with metal hood is assumed. 
The analysis reveals that the four ventilation systems lead to a comparable total life cycle 
cost (Figure 12.78). The extra investment, maintenance and replacement costs of ventilation 
system D+ is not compensated by the reduction in energy demand due to the heat recovery 
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on the exhaust air. However, the more efficient systems (C+ and D+) result in a reduction of 
15% to 24% of the life cycle external cost (compared to system C). 
 
Figure 12.78 Comparison of ventilation systems (in euro) for the well-insulated (K20) dwelling with a 
life span of 60 years. 
12.07.07 Selection for the analysis at the dwelling level 
For the analysis at the dwelling level, a condensing gas boiler is assumed. Only for some 
dwellings the more ‘advanced’ systems such as solar boiler, pellet boiler and heat pump are 
analysed to check if the above findings are confirmed for other type and insulation levels of 
dwellings. The reference technical services for both the newly built dwelling and the 
considered time periods are summarised in Table 12.10. The emission component always 
consists of panel radiators. 
Table 12.10 Summary of the reference technical services for the different time periods. 
 boiler domestic hot water control ventilation 
< 1945 non-condensing oil boiler coupled, storage 
vessel 
RT + MV 
A 1945 - 1970 1971 - 1990 gas burner RT + TV 1991 - 2001 condensing gas boiler 
12.08 Comparison of the optimisation potential of the different elements 
Finally, the optimisation potential of the different elements analysed is compared. For each of 
the elements, the life cycle environmental cost is calculated for the reference (for newly built) 
and for the Pareto optimum as defined in this chapter. The results are summarised in Figure 
12.79. The costs are expressed per unit of element. Their importance in the dwelling cost 
depends on their ratio (unit of element per unit of floor area). The floor on grade results in the 
highest life cycle external cost per m² floor, but a high reduction of this cost proves to be 
possible (57%). The external cost per m² non-bearing wall is low compared to the other 
elements. The outer wall, pitched roof and flat roof all result in a similar life cycle external 
cost per unit of element (slightly higher for the pitched roof). The highest reduction potential 
is noticed for the flat roof (49%), followed by the outer wall (41%) and the pitched roof (36%). 
The ratios of the different elements per m² floor area will determine the optimisation potential 
at the dwelling level.  
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Figure 12.79 Optimisation potential of the different building elements. 
The financial consequences of the measures is investigated and summarised in Figure 
12.80. The initial financial cost of all optima is lower than of the reference, except for the floor 
on grade. The environmental measures thus do not necessarily require a higher financial 
investment cost. The life cycle financial cost on the other hand is higher for the optimised 
floor on grade and optimised outer wall compared to the reference, while for the optimisation 
of the other elements the life cycle financial cost has decreased. The considered 
environmental measures thus also result in a decrease in the financial costs, except for the 
floor on grade and outer walls. 
 
Figure 12.80 Financial consequences of the external cost optimisation of the different building 
elements. 
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12.09 Conclusions 
The element analysis reveals that the external costs only represent a minor part of the total 
cost. For the production phase this is approximately 6%, while for heating it is 31%. It is 
therefore important to evaluate financial and external separately to move towards a more 
sustainable dwelling stock. Consequently, the addition of the external cost to the financial 
cost would not lead to unaffordable housing, except for those with a high energy demand. 
Very often different decisions are taken based on financial and environmental considerations. 
Based on the LCA approach, the element analysis reveals that a reduction of the energy use 
is the primary focus to reduce the environmental impact of buildings. A first exploration of the 
contribution at the dwelling level reveals that heating is responsible for 54 to 76% of the life 
cycle external cost. This is investigated in more detail at the dwelling level (next chapter). 
The life cycle costing analysis reveals that both the production and the cleaning and 
maintenance cost are the most important from a financial point of view. This discrepancy 
clarifies the diverging priorities. One obvious consequence is that from an environmental 
point of view the absolute optimal thickness of insulation material is higher than from a 
financial point of view. 
A detailed analysis of the environmental effects clarifies that the finishing of the elements 
often contributes to a great extent to the environmental production cost. This is for example 
the case for the floor finishes and a number of pitched roof finishes. Some of these contribute 
more to the environmental impact than the primary layer of the element. For the pitched roof, 
for example, the external finishing contributes on average 17% to the life cycle cost, while the 
structure is only responsible for 14%. The analysis also reveals that all consequences of a 
certain choice should be included in the analysis. Stucco on outer walls, for example, leads 
to a lower environmental impact than a brick veneer. However, when including the impact of 
the insulation material (different choice for cavity insulation than for stucco on insulation) the 
opposite may be true. 
From the analysis it can be concluded that even small parts of the building can contribute to 
a great extent to the external and/or financial cost. The choice of roof edge profile of a flat 
roof, for example, can influence the external cost of the flat roof to the same extent as the 
choice of external finishing of the roof.  
The metal finishes all lead to a high external cost and should therefore be avoided from an 
environmental point of view if alternatives are available. The high external cost is mainly due 
to the high cost for ecotoxicity compared to the other building materials. Beside this main 
effect, the metals also lead to high external cost for CO2 equivalents and respiratory effects 
due to inorganic compounds. 
The investigation of different insulation types and thicknesses of the dwelling skin elements 
reveals that insulation thickness is more important than the insulation choice for the life cycle 
external cost. This can be clarified by the importance of the heating cost in the life cycle cost. 
From a financial point of view, the choice of material plays a more important role. 
The most important environmental effects differ for each of the building materials. However, 
for most of the materials the CO2 equivalents, emission of SO2, NOx, PM2.5, respiratory 
effects due to inorganic compounds, ecotoxicity, acidification and eutrophication, depletion of 
fossil fuels and land use are contributing to a non-negligible extent to the external cost. The 
respiratory effects due to organic compounds, radiation, ozone layer depletion, depletion of 
minerals and climate change (for the extra emissions not included in the CO2-equivalents) 
are negligible. For the wood and wood-based products, the external cost for land use often 
leads to a higher external cost than for alternative materials. Further investigation of the 
monetary value of land use seems necessary since the uncertainty of this cost is higher than 
for the effects due to emissions. 
For a reference case the technical services for heating and domestic hot water contribute 2% 
to the dwelling life cycle external cost and 3-4% to the life cycle financial cost. However, the 
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influence of the efficiency of the installation on the heating cost should be considered too. A 
comparison of the traditional installations with more advanced ones reveals that the 
condensing gas boiler is the absolute optimum from a financial point of view. The heat 
pumps are preferred from an environmental perspective. The life cycle external cost of the 
condensing boilers is lower than for the non-condensing boilers, but their initial 
environmental cost is higher due to the production process. Condensing boilers are 
composed of stainless steel, while the others are composed of either cast iron or steel. The 
production of the latter materials causes less environmental impact. 
The high financial investment cost of the solar boilers is in our region not compensated by 
the reduction in costs during the use phase of the dwelling. The technical installations with 
solar boiler thus lead to a higher life cycle financial cost than the ones without. From an 
environmental point of view the extra external investment cost is compensated by the 
reduction in energy cost. Despite this result, the solar boilers do not appear on the Pareto 
front since instant water heater is preferred above a storage vessel. 
A comparison of different ventilation systems reveals that there is hardly any difference in 
total life cycle cost. The more energy efficient systems (heat recovery and/or controlled 
mechanical exhaust) require a higher investment and maintenance cost than the others 
which are not compensated by the reduction in energy use. Despite this similar life cycle total 
cost, it is noticed that the more efficient systems result in a reduction of 15 to 24% of the life 
cycle external cost. 
A sensitivity analysis of the life span and the economic parameters reveals that the majority 
of the conclusions remain valid. However, a longer life span and/or increase in growth rate of 
the energy cost result in an increase of the optimal insulation thickness. 
The life cycle environmental and financial cost per unit of element prove to be highest for the 
floor on grade, followed by the outer wall, the pitched roof, the flat roof and finally the non-
bearing inner wall. For each of the elements a reduction of the life cycle environmental cost 
proves to be feasible and varies between 14% (non-bearing inner walls) and 57% (floor on 
grade) per unit of element. Moreover, most of the measures lead to a reduction of the initial 
and life cycle financial cost. 
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CHAPTER 13 – DWELLING ANALYSIS 
 
The analysis of the dwellings consists of the life cycle assessment and life cycle costing 
executed with the developed tool as described in chapter 10. For each of the dwellings the 
Pareto set is determined for both solid and skeleton variants. Different Pareto fronts are 
calculated based on external cost and financial cost. For each of these the Pareto optima are 
described in detail and the optimisation steps are identified. Since heating proves to be 
responsible for an important part of the external cost, the energy related characteristics (K- 
and E-value) are summarised for the Pareto optima and the reference dwellings. A 
comparison of the dwellings is added in order to investigate the importance of the dwelling 
characteristics - such as type, size, layout and window size - on the optimisation potential. 
The quality evaluation points out that the final decisions are not only based on environmental 
and financial considerations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Analysis of the dwellings 
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13.01 Introduction 
13.01.01 Objectives 
The analysis of the dwellings (as presented in the previous chapter) should enable the 
response to the last four research questions, to be more specific 
“What is the environmental performance of dwellings to date?” 
“How can the environmental performance be improved and what are actions in order of 
priority?” 
“Are the measures for environmental improvement financially affordable?” 
“Are the measures for environmental improvement financially justified based on life span?” 
The aim is furthermore to gain insight into the proportion of the external cost to the financial 
cost to investigate if internalisation of the former would lead to unaffordable housing.  
13.01.02 Assumptions for the optimisation of the dwellings 
For the analysis of the dwellings it is assumed that these are newly built. The air-tightness of 
all newly built dwellings equals 6 air changes per hour. The air-tightness of the existing 
dwellings equals the EPB default value (12 m³/(hour x m²)). Only a financial cost is 
considered for the realisation of the improved air-tightness1. The environmental cost is 
assumed negligible.  
The results are elaborated for a dwelling life span of 60 years and for the basic scenario of 
economic parameters (see table 05.05 on page 92). Sensitivity analysis is added for the life 
span (30 and 120 years). A sensitivity analysis of the economic parameters according to 
table 05.05 for the first dwellings revealed that these did not influence the results based on 
environmental costs. The optima based on financial cost were neither influenced by an 
increased growth rate for energy prices. An increased discount rate had a minor influence on 
the results. This sensitivity analysis is therefore not elaborated in detail.  
13.01.03 Approach to the representation of results 
The results are presented in a similar way for all dwellings in order to improve 
comprehension and comparability. For each of the dwellings, the Pareto fronts are shown for 
the environmental and financial (and sometimes total) cost on a single graph in order to gain 
insight into the proportion of the different costs. 
To compare the results with common practice to date, the references (solid and skeleton) for 
newly built are added to the graph. Furthermore, an indication is given of the expected 
remaining costs of an identical dwelling built in the original period (with the original 
construction technique and insulation level). These remaining costs consist of the cleaning, 
maintenance and replacement costs, the heating costs (summarised as the costs-in-use) and 
the EOL costs. These costs are considered over a period identical to the newly built 
dwellings (60 years).  
These costs (not including the investment cost!) are indicated with a horizontal 
dashed/dotted line on the graph. Comparison of these remaining costs with the life cycle cost 
of the newly built dwellings gives an indication of the difference in cost between new 
buildings and further use of the existing dwelling stock. Since in reality many dwellings in the 
existing dwelling stock have already undergone one or more renovation campaigns, the 
above comparison is only a rough estimation.   
The Pareto optimal solutions of the different Pareto fronts are presented in detail in view of 
the research questions. Different cost criteria are optimised: 
- Minimal initial versus life cycle environmental cost 
                                                 
1 Source: Hens, H.; Cost efficiency of PUR/PIR insulation; K.U.Leuven, Department of Civil Engineering, Lab. 
Building Physics, 2004. 
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- Minimal initial versus life cycle financial cost 
- Minimal initial versus life cycle total cost 
- Minimal initial financial versus life cycle environmental cost 
- Minimal life cycle financial versus life cycle environmental cost. 
The optimisation steps of the “solid” and “skeleton” variants are analysed separately for 
these different criteria, followed by a comparison of both.  
Although the energy analysis of the dwellings is not the primary focus of this research, the K- 
and E-value of the Pareto options are presented. These are included because energy use is 
found to be a determining factor for the external cost and therefore they are important 
characteristics of the dwellings. These values are also mentioned on the environmental cost 
graph, indicating the K- and E-value of the most important options. 
For each of the Pareto fronts the option with the maximum life cycle cost (highest point on 
the Pareto front), the sub-optimum and the absolute optimum are described in detail. The 
latter two are defined in the previous chapter on page 187 (figure 12.01).  
The E-values mentioned in this chapter are calculated based on the Flemish EPB standards. 
For the energy calculations the outside of the dwellings is taken as measuring convention, 
except for ventilation (axis of the primary layer). If the outer measures are considered for the 
calculation of the ventilation volume, the E-values are higher. The analysis reveals that the 
E-values are then on average 2 to 3 points higher, with a maximum of 4 and a minimum of 0. 
For the Pareto sub-optima and absolute optima the E-values are 4 points higher. 
As mentioned before, it is assumed that the dwellings are not provided with a cooling 
installation and therefore no energy use due to cooling is considered. However, within the E-
value the possible installation of a cooling system is included when the overheating indicator 
is higher than the threshold value (8.000 Kh). In consequence some of the options analysed 
have a relatively high E-value despite the low energy use. 
The Pareto fronts are summarised in a table describing the option of each element, the K- 
and E-value and the related costs (e.g. environmental costs in case of a Pareto front based 
on environmental costs) and the overheating indicator Iover. in case it is higher than 8.000 Kh. 
An example of such Pareto front table is given in the next section (Table 13.02). The table 
can be read as follows: the first Pareto option (most left option on the Pareto front in Figure 
13.01) consists of a ground floor GRFL1 (3 cm PUR foam), pitched roof type PR2 (rafters + 
purlins with 8 cm rock wool), flat roof type FR5 (cellular concrete slab + 12 cm resol), 
loadbearing inner wall type 1 (bricks) and standard double glazing. 
The second Pareto option is in a similar way summarised on the second line in Table 13.02 
By comparing both lines, one can identify the measure to be taken to achieve this reduction 
in life cycle cost. In the example, the measure is thermally improved glazing (VAR2 => 
VAR3). Furthermore the table summarises the initial and life cycle external cost for each of 
the optima. By comparing two lines one can deduct the required extra initial investment and 
the obtained reduction in life cycle cost. For the second Pareto optimum in Table 13.02 a 
reduction of 2,92 euro /m² floor (298,83 – 295,91) in life cycle external cost is obtained for an 
extra environmental investment of 0,62 euro/m² floor (105,67-105,05). Finally the table 
shows that replacing normal double glazing by thermally improved glazing results in a 2-
points reduction of both the K- and E-value. Non of the Pareto options results in an 
overheating indicator that exceeds 8.000 Kh since Iover is not mentioned for any of the optima. 
13.01.04 Selection of elements for the dwelling analyses: second selection procedure 
The number of simulations rapidly increases when combining different options of all the 
elements occurring in the dwelling. To limit the number of simulations a first selection of 
alternatives for each of the elements is made (described in the previous chapter). The 
remaining element variants are summarised in Table 13.01, resulting in 829.440 simulations 
per dwelling.  
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Table 13.01 Detached dwelling, before 1945: overview of the variants of the building elements. 
  
SOLID SKELETON
FOUNDATION
FLOOR ON GRADE
GRFL2: concrete slab - 10 cm PUR foam - ceramic tiles
GRFL3: concrete slab - 21 cm PUR foam - ceramic tiles
GRFL4: concrete slab - 3 cm PUR foam - 5 cm screed with EPS aggregates - ceramic tiles
GRFL5: concrete slab - 10 cm PUR foam - 5 cm screed with EPS aggregates - ceramic tiles
GRFL6: concrete slab - 21 cm PUR foam - 5 cm screed with EPS aggregates - ceramic tiles
OUTER WALL OW1: building bricks - 5 cm rockwool - brick veneer    OW9: timber frame + 14 cm rock wool - brick veneer
OW2: building bricks - 14 cm rockwool - brick veneer    OW10: timber frame + 14 cm cellulose - brick veneer
OW3: building bricks - 20 cm rockwool - brick veneer    OW11: timber frame + 14 cm rock wool - larch
OW4: building bricks - 3 cm PUR - brick veneer    OW12: timber frame + 14 cm cellulose - larch
OW5: building bricks - 10 cm PUR - brick veneer    OW13: FJI + 24 cm cellulose - larch
OW6: building bricks - 20 cm PUR - brick veneer    OW14: FJI + 30 cm cellulose - larch
OW7: building bricks - 14 cm rock wool - larch    OW15: FJI + 36 cm cellulose - larch
OW8: building bricks - 14 cm EPS - stucco    OW16: FJI + 41 cm cellulose - larch
   OW17: FJI + 24 cm cellulose - larch
   OW18: FJI + 30 cm cellulose - larch
   OW19: FJI + 36 cm cellulose - larch
   OW20: FJI + 41 cm cellulose - larch
PITCHED ROOF
FLAT ROOF FR1: hollow concrete slab - 16 cm rock wool - EPDM
FR2: hollow concrete slab - 24 cm rock wool - EPDM
FR3: cellular concrete slab - 14 cm resol - EPDM
FR4: cellular concrete slab - 20 cm resol - EPDM
FR5: cellular concrete slab - 28 cm resol - EPDM
FR15: steel profiles - 6,75 (slope -12 cm PUR - EPDM
LOADBEARING INNER WALL
NON-BEARING INNER WALL
FLOOR FL1: hollow concrete slab - carpet FL2: wood beams - carpet
WINDOW
SERVICES
NUMBER OF VARIANTS (MAXIMUM) 414.720 414.720
LIW3: in situ concrete
LIW2: cellular concrete - gypsum plaster
W3: meranti frame (insulated) + triple glazing + thermally improved glass profile
condensing gas boiler + low temperature panel radiators + coupled instant hot water production + ventilation C
PR2: rafters + purlins - 18 cm rock wool
PR6: rafters + purlins - 34 cm rock wool
FR6: wood beams + 4 cm resol - EPDM
FR7: wood beams + 8 cm resol - EPDM
FR8: wood beams + 16 cm resol - EPDM
FR13: steel profiles - 12 cm resol - EPDM
FR14: steel profiles - 16 cm resol - EPDM
FR10: FJI + 30 cm cellulose + 8 cm resol - EPDM
FR11: FJI + 36 cm cellulose + 10 cm resol - EPDM
FR12: FJI + 41 cm cellulose + 12 cm resol - EPDM
NLIW1: brick gypsum plaster
W1: meranti frame (standard)  + standard double glazing + aluminium glass profile
W2: meranti frame (insulated) + thermally improved glazing + thermally improved glass profile
NLIW2: timber frame + rock wool - gypsum board
NLIW3: metal stud + cellulose - gypsum board
LIW1: bricks - gypsum plaster
LIW4: timber frame + rockwool - gypsum board
PR11: rafters - 18 cm rock wool
PR12: rafters - 20 cm rock wool
PR13: rafters - 24 cm rock wool
PR14: rafters - 28 cm rock wool
PR15: rafters - 30 cm rock wool
FR9: FJI + 24 cm cellulose + 6 cm resol - EPDM
PR4: rafters + purlins - 26 cm rock wool
PR5: rafters + purlins - 30 cm rock wool
PR7: rafters + purlins - 38 cm rock wool
PR8: rafters + purlins - 40 cm rock wool
PR9: rafters - 10 cm rock wool
PR10: rafters - 14 cm rock wool
FOUND1: in situ concrete
GRFL1: concrete slab - 3 cm PUR foam - ceramic tiles
PR0: rafters + purlins - no-insul
PR1: rafters + purlins - 8 cm rock wool
PR3: rafters + purlins - 22 cm rock wool
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As is shown in Table 13.01, a distinction is made between “solid” and “skeleton” variants in 
order to gain insight into the difference between the two construction methods.  
To make a more limited selection out of the 829.440 variants, all options are analysed for the 
first detached dwelling (< 1945). For this analysis a dwelling life span of 30 years is assumed 
in order not to base the selection mainly on energy measures. Based on the results, a 
second (more limited) selection of the element variants is made for the analysis of the case 
studies and are elaborated in detail for each of the dwellings in the subsequent sections. The 
procedure followed is illustrated for the solid variants. A similar approach is used for the 
skeleton alternatives. 
In order to gain insight in the extended number of simulations, the results are analysed in 
‘groups’. One group is for example all dwellings with outer wall type OW1 (cavity wall with 5 
cm rock wool and a brick veneer) and non-bearing inner wall type 1 (building clay bricks). 
Each other type of outer wall (combined with non-bearing inner wall type 1) forms another 
group of results. For each group of results the Pareto front is determined and finally all 
Pareto fronts of all groups are compared. In the example of the outer walls, this means that 8 
Pareto fronts are compared. This is illustrated in Figure 13.01.  
 
Figure 13.01 Detached dwelling, before 1945: IE versus LE for all solid variants with non-bearing 
inner wall type 1 and outer wall type 1, including the Pareto options for the other 
outer walls. 
The cloud of options consists of all dwellings with outer wall OW1 and non-bearing inner wall 
type 1. The Pareto front for these variants is indicated by a full line on the graph. The 
dwellings with other outer walls are not presented on the graph, except for the retrieved 
Pareto fronts. For each of these Pareto fronts a similar (translated) cloud of options was 
found but is not shown on the graph.  
For the dwellings with outer wall OW1, four groups of options can be identified within the 
large cloud of results. The two upper clouds (high LE) represent the options with pitched roof 
PR0 (no insulation) (boxes 1a and 1b in Figure 13.01). The options in the right groups 
1a 
1b 
b 
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(higher IE and LE) are the dwellings with the insulating screed based on EPS aggregates 
(box b on Figure 13.01).  
From an environmental point of view, outer wall type 8 (XPS insulation + plaster) is the most 
preferred for a limited external investment cost. However, for a larger investment cost, the 
other walls lead to a lower life cycle external cost. 
All outer walls, except for the first, lead to a more or less identical life cycle cost, despite the 
differing investment cost. Outer wall 1 leads to a higher external life cycle cost than the other 
options, which can be explained by its lower heat resistance. This observation confirms the 
results of the analysis at the element level: from an environmental point of view, the heat 
resistance is the most important optimisation parameter. The Pareto optima for the external 
cost of the outer wall 1 variants are summarised in Table 13.02. The table should be read as 
explained in section 13.01.03. The symbols of the different element variants are described in 
Table 13.01. 
As could be expected from the element analysis, only the first three floor types appear on the 
Pareto front. The pitched roof optima mainly consist of the variants with rafters and purlins 
with varying insulation thicknesses. This also confirms the results of the analysis at the 
element level. Two loadbearing inner walls appear on the Pareto front, the building clay 
bricks and skeleton variant. The first window type does not appear on the Pareto front. From 
an environmental point of view one should definitely opt for thermally improved glazing. This 
is also indicated on the graph in Figure 13.01. 
The Pareto optima for the dwellings with different types of outer walls are identical to the 
optima with outer wall 1. If a Pareto front is determined for all options with the non-bearing 
inner wall type 1, then the outer walls type 8 and type 7 appear. 
Table 13.02 Detached dwelling, before 1945: Pareto optima based on external cost for the solid 
variants with non-bearing inner wall type 1. 
  
floor on 
grade 
pitched 
roof 
flat 
roof
loadbearing 
inner wall window K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
    
Pareto 1 GRFL1 PR2 FR5 LIW1 VAR2 42 80 105,05 298,83 
Pareto 2 GRFL1 PR2 FR5 LIW1 VAR3 40 78 105,67 295,91 
Pareto 3 GRFL2 PR2 FR5 LIW1 VAR2 37 75 105,72 290,56 
Pareto 4 GRFL2 PR2 FR5 LIW1 VAR3 40 78 106,35 287,56 
Pareto 5 GRFL1 PR6 FR5 LIW1 VAR2 40 78 106,88 284,10 
Pareto 6 GRFL2 PR9 FR5 LIW1 VAR2 42 80 107,04 283,46 
Pareto 7 GRFL2 PR10 FR5 LIW1 VAR2 37 75 107,41 279,85 
Pareto 8 GRFL2 PR6 FR5 LIW1 VAR2 39 77 107,72 275,44 
Pareto 9 GRFL2 PR6 FR5 LIW1 VAR3 37 75 108,19 272,24 
Pareto 10 GRFL2 PR6 FR5 LIW4 VAR3 37 75 109,22 270,96 
Pareto 11 GRFL3 PR6 FR5 LIW1 VAR3 40 78 109,71 270,73 
Pareto 12 GRFL3 PR6 FR5 LIW4 VAR3 37 75 110,74 269,46 
A similar analysis is made based on financial and total cost. A similar graph as for the 
external cost is presented for the financial cost in Figure 13.02. Based on these analyses a 
more limited selection of the element variants is made for the optimisation of the sixteen case 
studies. Within this selection procedure the element variants which never occur on the 
Pareto fronts (such as for example the floors with a screed based on EPS aggregates) are 
excluded. Moreover, some element variants have been added based on the results.  
The final selection is summarised in Table 13.03. This final selection results in 13.440 solid 
variants and 8.064 skeleton variants. All symbols used to describe the element variants in 
the subsequent sections refer to this table. The most important elements are elaborated in 
the previous chapter, except for the windows which could not be analysed at the element 
level (solar gains). 
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Four window types are considered. The first consists of a standard wood frame with standard 
double glazing and aluminium glass profiles. The second type consists of a standard wood 
frame with thermally improved double glazing and aluminium glass profiles. The third window 
type consists of an insulated wood frame, thermally improved glazing and thermally improved 
glass profiles. The fourth type consists of an insulated wood frame, triple glazing and 
thermally improved glass profiles. The characteristics of the windows are summarised in 
Table 13.04. 
 
Figure 13.02 Detached dwelling, before 1945: IF versus LF for all solid variants with non-bearing 
inner wall and outer wall type 1, including the Pareto options for the other outer 
walls. 
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Table 13.03 Overview of the analysed variants of the different building elements for the remaining 
dwellings. 
 
Table 13.04 Window properties.2 
 
window frame glazing U frame (W/m²K) 
U glazing 
(W/m²K) 
g glazing 
W1 standard meranti frame standard double glazing 1,8 2,9 0,75 
W2 standard meranti frame thermally improved glazing 1,8 1,1 0,6 
W3 insulated meranti frame thermally improved glazing 0,74 1,1 0,6 
W4 insulated meranti frame triple glazing 0,74 0,6 0,6 
  
                                                 
2 The window finishings (sill, external sill, finishing of the reveals) are not included in the analysis. 
SOLID SKELETON
FOUNDATION
FLOOR ON GRADE
GRFL2: concrete slab - 10 cm PUR foam - ceramic tiles
GRFL3: concrete slab - 21 cm PUR foam - ceramic tiles
OUTER WALL OW0: building bricks - no insulation - brick veneer   OW10: timber frame + 14 cm cellulose - brick veneer
OW1: building bricks - 7,5 cm rockwool - brick veneer   OW17: FJI + 24 cm cellulose - larch
OW2: building bricks - 14 cm rockwool - brick veneer   OW18: FJI + 30 cm cellulose - larch
OW3: building bricks - 20 cm rockwool - brick veneer   OW19: FJI + 36 cm cellulose - larch
OW8: building bricks - 14 cm EPS - stucco   OW20: FJI + 41 cm cellulose - larch
OW9: building bricks - 20 cm EPS - stucco   OW17b: FJI + 24 cm cellulose - brick veneer
  OW18b: FJI + 30 cm cellulose - brick veneer
  OW19b: FJI + 36 cm cellulose - brick veneer
  OW20b: FJI + 41 cm cellulose - brick veneer
PITCHED ROOF
FLAT ROOF FR0: hollow concrete slab - no insulation - EPDM
FR1: hollow concrete slab - 16 cm rock wool - EPDM
FR2: hollow concrete slab - 24 cm rock wool - EPDM
FR3: cellular concrete slab - 14 cm resol - EPDM
FR4: cellular concrete slab - 20 cm resol - EPDM
FR5: cellular concrete slab - 28 cm resol - EPDM
LOADBEARING INNER WALL LIW1: bricks - gypsum plaster LIW4: timber frame + rockwool - gypsum board
NON-BEARING INNER WALL
FLOOR FL1: hollow concrete slab - carpet FL2: wood beams - carpet
WINDOW
W2: meranti frame (standard)  + thermally improved glazing + aluminium glass profile
SERVICES
NUMBER OF VARIANTS (MAXIMUM) 13.440 8.064
FOUND1: in situ concrete
NLIW3: metal stud + cellulose - gypsum board
W1: meranti frame (standard)  + standard double glazing + aluminium glass profile
GRFL0: concrete slab - no insulation - ceramic tiles
GRFL1: concrete slab - 3 cm PUR foam - ceramic tiles
PR9: rafters - 10 cm rock wool
PR10: rafters - 14 cm rock wool
PR11: rafters - 18 cm rock wool
PR12: rafters - 20 cm rock wool
PR0: rafters + purlins - no-insul
PR1: rafters + purlins - 8 cm rock wool
PR3: rafters + purlins - 22 cm rock wool
PR4: rafters + purlins - 26 cm rock wool
PR5: rafters + purlins - 30 cm rock wool
PR13: rafters - 24 cm rock wool
PR14: rafters - 28 cm rock wool
PR15: rafters - 30 cm rock wool
PR0b: rafters - no insulation
PR7: rafters + purlins - 38 cm rock wool
condensing gas boiler + low temperature panel radiators + coupled instant hot water production + ventilation C
FR9: FJI + 24 cm cellulose + 6 cm resol - EPDM
FR10: FJI + 30 cm cellulose + 8 cm resol - EPDM
FR11: FJI + 36 cm cellulose + 10 cm resol - EPDM
FR12: FJI + 41 cm cellulose + 12 cm resol - EPDM
W3: meranti frame (insulated) + thermally improved glazing + thermally improved glass profile
W4: meranti frame (insulated) + triple glazing + thermally improved glass profile
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13.02 Detached houses 
13.02.01 Detached dwelling, type 1 (period before 1945) 
The first detached dwelling consists of both a pitched and flat roof, which means that 21.504 
variants are analysed (13.444 solid + 8.064 skeleton). Sensitivity analysis of the life span (30 
– 60 – 120) and of the economic parameters (two alternatives) leads to a total of 193.536 
simulations (21.504 x 3 x 3). 
The external and financial costs of all variants are plotted on a single graph in Figure 13.03. 
The total costs are omitted to improve tangibility. The external cost represents on average 
6% of the total cost, with a minimum of 4% and a maximum of 8%. The latter is thus mainly 
determined by the financial cost. For the dwelling representative of the period before 1945, 
the external cost of the ‘remaining’ cost represents 16% of the total cost. 
The skeleton variants lead to a higher initial external, but approximately identical life cycle 
external cost to the solid variants. The financial (initial and life cycle) costs of the skeleton 
variants are higher than those of the solid variants. 
Two clouds of results are found for the financial cost of the skeleton variants. The higher life 
cycle costs prove to be the dwellings with outer walls with larch planks as external finishing. 
The high cost can be explained by the higher cleaning and maintenance cost compared to 
the brick veneer. The initial financial and total cost of the larch planks variants is slightly 
lower than those of the brick veneer variants. These are therefore situated on the financial 
and total cost Pareto front of the skeleton variants. 
 
Figure 13.03 Detached, before 1945: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.04. A distinction (different symbol) is 
made between the dwellings with another type of window. The Pareto front is determined for 
the solid and skeleton variants separately. The ‘remaining’ cost for the reference for the 
period 1945-1970 is not indicated since its life cycle external cost is much higher and would 
make the graph intangible. However, this cost is plotted on the graph in Figure 13.03. 
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Figure 13.04 Detached, before 1945: initial versus life cycle external cost. 
The analysis reveals that for the solid variants, the dwellings with outer walls with stucco are 
preferred above the brick veneer variants. For the skeleton variants, the difference between 
the two external finishes is negligible. 
The Pareto front of the solid variants is shown in Table 13.05, which is equal to the Pareto 
front of all options. From an environmental point of view, pitched roof insulation (8 cm rock 
wool) is the first priority. The subsequent priority is floor insulation (3 cm) combined with flat 
roof insulation (cellular concrete slab with 14 cm resol) and thermally improved glazing. 
These first two steps are followed by increased floor insulation (10 cm), opting for insulated 
window frames, increased floor insulation (21 cm), triple glazing, increased outer wall 
insulation (stucco on 20 cm EPS) and increased pitched roof insulation (30 cm). These 
measures lead to the sub-optimum, characterised by K14 and E47. 
The first Pareto optimum (option with the lowest IE) corresponds to K77 and E118. This 
option requires an initial financial investment cost of 1.297 euro/m² floor and results in a 
financial life cycle cost of 4.273 euro/m² floor. 
Compared to the first Pareto optimum, a reduction in the LE of 33% is achieved by the sub-
optimum (Pareto 26). This option requires an extra financial investment of 82 euro/m² floor 
(6%), while the life cycle financial cost is reduced by 5,4%. Pareto 26 consists of a floor on 
grade with 21 cm PUR, OW9 (stucco on 20 cm EPS), FR3 (cellular concrete slab with 14 cm 
resol), PR5 (rafters + purlins with 30 cm rock wool) and triple glazing with thermally insulated 
wood frames.  
As can be seen from Figure 13.04, several of the Pareto steps should not be taken to reach 
to the sub-optimum since these require a high extra investment for a small reduction in the 
life cycle cost. It concerns Pareto 5, 9, 12, 14, 16, 19, 22 and 25 (italics in Table 13.05). 
The absolute optimum is characterised by K14 and E46. Compared to the first Pareto 
optimum, a reduction of 34% in the LE is achieved (1 % more than for the sub-optimum). 
This option however requires an extra financial investment of 96 euro/m² floor (increase of 
7%, and thus 1% more than for the sub-optimum), while the life cycle financial cost is 
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reduced by 5% (slightly higher LF than for the sub-optimum). The environmental investment 
thus also results in a life cycle financial improvement. However, it requires a 7% extra 
financial investment. 
Table 13.05 Detached before 1945: Pareto options based on external cost for the solid 
alternatives. 
 
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 77 118 87,02 330,28 
Pareto 2 GRFL0 OW8 FR0 VAR1 PR1 66 105 87,46 312,82 
Pareto 3 GRFL1 OW8 FR3 VAR2 PR0 42 78 88,33 272,60 
Pareto 4 GRFL2 OW8 FR3 VAR2 PR0 38 73 88,38 263,71 
Pareto 5 GRFL2 OW8 FR3 VAR3 PR0 37 72 88,54 262,39 
Pareto 6 GRFL1 OW8 FR3 VAR2 PR1 32 66 88,77 251,47 
Pareto 7 GRFL2 OW8 FR3 VAR2 PR1 27 61 88,82 242,05 
Pareto 8 GRFL2 OW8 FR3 VAR3 PR1 26 60 88,98 240,65 
Pareto 9 GRFL2 OW8 FR4 VAR3 PR1 26 60 89,28 240,60 
Pareto 10 GRFL3 OW8 FR3 VAR2 PR1 25 59 89,32 238,92 
Pareto 11 GRFL3 OW8 FR3 VAR3 PR1 25 58 89,48 237,50 
Pareto 12 GRFL3 OW8 FR4 VAR3 PR1 24 58 89,78 237,45 
Pareto 13 GRFL3 OW8 FR3 VAR4 PR1 23 56 90,01 234,44 
Pareto 14 GRFL3 OW8 FR4 VAR4 PR1 23 56 90,31 234,38 
Pareto 15 GRFL3 OW9 FR3 VAR4 PR1 21 53 90,72 231,79 
Pareto 16 GRFL3 OW9 FR4 VAR4 PR1 20 53 91,03 231,70 
Pareto 17 GRFL2 OW8 FR3 VAR2 PR5 21 54 91,06 230,91 
Pareto 18 GRFL2 OW8 FR3 VAR3 PR5 20 53 91,22 229,47 
Pareto 19 GRFL2 OW8 FR4 VAR3 PR5 20 53 91,51 229,40 
Pareto 20 GRFL3 OW8 FR3 VAR2 PR5 19 52 91,56 227,67 
Pareto 21 GRFL3 OW8 FR3 VAR3 PR5 18 51 91,72 226,22 
Pareto 22 GRFL3 OW8 FR4 VAR3 PR5 18 51 92,01 226,14 
Pareto 23 GRFL3 OW8 FR3 VAR4 PR5 17 49 92,24 223,07 
Pareto 24 GRFL3 OW8 FR4 VAR4 PR5 17 49 92,39 222,92 
Pareto 25 GRFL3 OW9 FR4 VAR3 PR5 16 48 92,59 222,86 
Pareto 26 GRFL3 OW9 FR3 VAR4 PR5 14 47 92,81 219,78 
Pareto 27 GRFL3 OW9 FR4 VAR4 PR5 14 46 93,12 219,65 
Pareto 28 GRFL3 OW9 FR3 VAR4 PR7 14 46 93,64 219,25 
Pareto 29 GRFL3 OW9 FR4 VAR4 PR7 14 46 93,95 219,12 
The option with the highest life cycle external cost of all analysed options equals K120 and 
E167. In comparison to this dwelling, the sub-optimum (Pareto 26) leads to a reduction of 
43% in the LE and 7% in the LF. Compared to the dwelling representative of the period 
before 1945, the LE of the sub-optimum is lower than one third of its ‘remaining’ cost, while 
the LF is 5% higher. 
An identical analysis of the skeleton variants reveals that conclusions are similar. The first 
Pareto option (lowest IE) is characterised by K52 and E88. The absolute optimum equals 
K12 and E45. This optimisation leads to a 25% reduction in LE, requiring an extra financial 
investment of 30 euro/m² floor (2%). It results in an increase in the life cycle financial cost of 
24%. 
The sub-optimum (as indicated on the graph in Figure 13.04) still leads to a reduction in the 
external life cycle cost of 25%. Although, the extra financial investment increases to 76 
euro/m² floor (or thus an extra required investment of 5%), it results in a reduction in the life 
cycle financial cost of 4%.  
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The reduction in the life cycle external cost does not always imply a reduction in the life cycle 
financial cost. An analysis of both is thus required to enable correct decisions. Considering 
the total cost is another option for evaluating both. 
The skeleton variant with the highest life cycle external cost of all analysed options is 
characterised by K62 and E100. Compared to this option, a reduction in the life cycle 
external cost of 30% is achieved by the sub-optimum. This requires an extra financial 
investment of 40 euro/m² floor (3%), but results in a reduction in the life cycle financial cost of 
5%. 
FINANCIAL AND TOTAL COST 
The Pareto set based on financial cost differs substantially from the one based on external 
cost (Table 13.06). The financial cost sub-optimum (Pareto 24) corresponds to a dwelling 
consisting of a floor on grade with the highest foreseen insulation level, outer wall 2 (cavity 
wall, 14 cm rock wool with a brick veneer), pitched roof 11 (closely placed rafters foreseen of 
18 cm rock wool) and thermally improved glazing with standard window frames. This sub-
optimum corresponds to K21 and E54. 
A similar analysis is executed for the total cost. Again 28 Pareto optima are identified (Table 
13.07). These correspond to a large extent to the optima based on financial cost. However, 
differences are noticed. Inclusion of the external costs would therefore influence the 
decisions.  
Table 13.06 Detached before 1945: Pareto options based on financial cost for the solid 
alternatives. 
 
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 77 118 1.297,10 4.273,26 
Pareto 2 GRFL3 OW8 FR0 VAR2 PR0 58 96 1.309,98 4.162,87 
Pareto 3 GRFL3 OW8 FR1 VAR2 PR0 37 72 1.313,05 4.076,42 
Pareto 4 GRFL3 OW8 FR3 VAR2 PR0 36 71 1.315,76 4.073,53 
Pareto 5 GRFL3 OW8 FR1 VAR2 PR1 26 59 1.327,68 4.034,33 
Pareto 6 GRFL3 OW8 FR3 VAR2 PR1 25 59 1.330,40 4.031,28 
Pareto 7 GRFL3 OW8 FR1 VAR2 PR10 22 56 1.337,38 4.025,17 
Pareto 8 GRFL3 OW8 FR1 VAR2 PR11 22 55 1.339,55 4.022,74 
Pareto 9 GRFL3 OW8 FR3 VAR2 PR10 22 55 1.340,10 4.022,08 
Pareto 10 GRFL3 OW8 FR3 VAR2 PR11 21 54 1.342,27 4.019,60 
Pareto 11 GRFL3 OW8 FR3 VAR2 PR5 19 52 1.350,42 4.017,95 
Pareto 12 GRFL3 OW1 FR3 VAR2 PR0 41 76 1.366,50 4.016,58 
Pareto 13 GRFL3 OW2 FR1 VAR2 PR0 36 71 1.371,64 4.006,63 
Pareto 14 GRFL3 OW2 FR3 VAR2 PR0 36 70 1.373,69 4.004,43 
Pareto 15 GRFL3 OW1 FR1 VAR1 PR1 35 68 1.377,90 3.990,10 
Pareto 16 GRFL3 OW1 FR1 VAR2 PR1 31 65 1.378,95 3.977,38 
Pareto 17 GRFL3 OW1 FR3 VAR2 PR1 30 64 1.381,11 3.975,27 
Pareto 18 GRFL3 OW2 FR1 VAR2 PR1 25 59 1.386,18 3.961,90 
Pareto 19 GRFL3 OW2 FR3 VAR2 PR1 25 58 1.388,23 3.959,54 
Pareto 20 GRFL3 OW2 FR1 VAR2 PR9 24 57 1.393,78 3.958,81 
Pareto 21 GRFL3 OW2 FR3 VAR2 PR9 23 56 1.395,83 3.956,42 
Pareto 22 GRFL3 OW2 FR1 VAR2 PR10 22 55 1.395,85 3.951,85 
Pareto 23 GRFL3 OW2 FR3 VAR2 PR10 21 54 1.397,90 3.949,44 
Pareto 24 GRFL3 OW2 FR1 VAR2 PR11 21 54 1.398,01 3.949,20 
Pareto 25 GRFL3 OW2 FR3 VAR2 PR11 20 53 1.400,07 3.946,75 
Pareto 26 GRFL3 OW3 FR3 VAR2 PR11 18 50 1.407,86 3.945,41 
Pareto 27 GRFL3 OW2 FR3 VAR2 PR5 19 51 1.408,20 3.944,59 
Pareto 28 GRFL3 OW3 FR3 VAR2 PR5 16 48 1.415,98 3.942,76 
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The absolute optimum based on total cost corresponds to the one based on financial cost, 
while the sub-optima differ. The total cost sub-optimum (Pareto 24 in Table 13.07) 
corresponds to K19 and E51. It consists of a well insulated floor on grade (21 cm PUR), 
outer wall 2 (cavity with 14 cm rock wool and a brick veneer), flat roof FR3 (cellular concrete 
slab with 14 cm resol), pitched roof PR5 (30 cm rock wool) and thermally improved glazing 
with standard window frames. 
Table 13.07 Detached before 1945: Pareto options based on total cost for the solid alternatives. 
 
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IT (€/m² 
floor) 
LT (€/m² 
floor) 
 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 77 118 1.384,13 4.603,54 
Pareto 2 GRFL0 OW8 FR0 VAR1 PR1 66 105 1.399,20 4.554,61 
Pareto 3 GRFL2 OW8 FR0 VAR2 PR0 59 98 1.400,04 4.500,30 
Pareto 4 GRFL3 OW8 FR0 VAR2 PR0 58 96 1.400,42 4.465,72 
Pareto 5 GRFL2 OW8 FR1 VAR1 PR0 42 77 1.403,57 4.395,76 
Pareto 6 GRFL3 OW8 FR1 VAR2 PR0 37 72 1.403,66 4.340,30 
Pareto 7 GRFL3 OW8 FR3 VAR2 PR0 36 71 1.404,65 4.334,31 
Pareto 8 GRFL2 OW8 FR1 VAR1 PR1 32 65 1.418,64 4.334,30 
Pareto 9 GRFL3 OW8 FR1 VAR2 PR1 26 59 1.418,73 4.276,40 
Pareto 10 GRFL3 OW8 FR3 VAR2 PR1 25 59 1.419,72 4.270,20 
Pareto 11 GRFL3 OW8 FR3 VAR2 PR9 23 57 1.429,01 4.264,36 
Pareto 12 GRFL3 OW8 FR1 VAR2 PR10 22 56 1.430,48 4.261,00 
Pareto 13 GRFL3 OW8 FR3 VAR2 PR10 22 55 1.431,48 4.254,74 
Pareto 14 GRFL3 OW8 FR3 VAR2 PR11 21 54 1.434,04 4.250,79 
Pareto 15 GRFL3 OW8 FR3 VAR2 PR5 19 52 1.441,98 4.245,62 
Pareto 16 GRFL3 OW1 FR3 VAR1 PR1 34 68 1.472,82 4.242,20 
Pareto 17 GRFL3 OW1 FR1 VAR2 PR1 31 65 1.473,43 4.228,64 
Pareto 18 GRFL3 OW1 FR3 VAR2 PR1 30 64 1.473,83 4.223,37 
Pareto 19 GRFL3 OW2 FR1 VAR2 PR1 25 59 1.482,22 4.205,23 
Pareto 20 GRFL3 OW2 FR3 VAR2 PR1 25 58 1.482,49 4.199,63 
Pareto 21 GRFL3 OW2 FR1 VAR2 PR9 24 57 1.491,48 4.198,76 
Pareto 22 GRFL3 OW2 FR3 VAR2 PR9 23 56 1.491,75 4.193,13 
Pareto 23 GRFL3 OW2 FR1 VAR2 PR10 22 55 1.493,94 4.188,59 
Pareto 24 GRFL3 OW2 FR3 VAR2 PR10 21 54 1.494,21 4.182,92 
Pareto 25 GRFL3 OW2 FR3 VAR2 PR11 20 53 1.496,77 4.178,67 
Pareto 26 GRFL3 OW2 FR1 VAR2 PR5 19 52 1.504,41 4.178,52 
Pareto 27 GRFL3 OW2 FR3 VAR2 PR5 19 51 1.504,68 4.172,81 
Pareto 28 GRFL3 OW3 FR3 VAR2 PR5 16 48 1.513,92 4.167,97 
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
Two more Pareto fronts have been analysed. The first is the analysis of the financial 
investment cost versus the life cycle external cost (Figure 13.05). This analysis enables 
insight to be gained into which measures should be taken to reduce the life cycle external 
cost for the lowest extra financial investment cost. The second concerns the analysis of the 
financial life cycle cost versus the life cycle external cost (Figure 13.06). This second 
analysis provides insight into which measures lead to the highest reduction in the life cycle 
external cost for the lowest increase in life cycle financial cost.  
The first analysis shows that both for the solid and skeleton alternatives all Pareto optima 
consist of outer walls with stucco on insulation or larch planks.  
In Table 13.08 the first Pareto optima (lowest IF), the sub-optima and the absolute optima 
are summarised for both the solid and skeleton variants. The sub-optimum for the solid 
variants corresponds to K14 and E47, for the skeleton variants to K15 and E47. 
SUSTAINABLE BUILDING | KAREN ALLACKER 
P a g e  | 270  PART B | 13 Dwelling analysis 
The priorities to reduce the life cycle external cost of the solid variants for the lowest increase 
in financial investment cost are thermally improved glazing, another type of flat roof (cellular 
concrete slab with 14 cm resol), floor insulation (21 cm), pitched roof insulation (8 cm), opting 
for another type of pitched roof (closely placed rafters with 14 and subsequently 18 cm rock 
wool), followed by again opting for a pitched roof truss of rafters and purlins with an 
increased insulation thickness (30 cm rock wool), increased outer wall insulation (stucco on 
20 cm EPS) and finally triple glazing. These measures lead to the solid sub-optimum. A 
further decrease of the life cycle external cost is possible, but requires a relatively high extra 
financial investment. This can be achieved by increasing the pitched and flat roof insulation 
to 38 cm rock wool and 20 cm resol respectively. 
 
Figure 13.05 Detached, before 1945: initial financial versus life cycle external cost. 
 
Table 13.08 Detached before 1945: first Pareto optimum (lowest IF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost.  
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto solid 1 GRFL0 OW8 FR0 VAR1 PR0 77 118 1.297,10 330,28  
Pareto solid 22 GRFL3 OW9 FR3 VAR4 PR5 14 47 1.379,11 219,78  
Pareto solid 24 GRFL3 OW9 FR4 VAR4 PR7 14 46 1.392,77 219,12  
Pareto skeleton 1 GRFL0 OW17 FR9 VAR1 PR0 52 89 1.399,29 290,54  
Pareto skeleton 21 GRFL3 OW17 FR9 VAR4 PR5 15 47 1.458,79 222,57  
Pareto skeleton 28 GRFL3 OW20 FR9 VAR4 PR7 12 45 1.488,50 218,73 8.397 
The priorities for the skeleton variants are slightly different. All analysed options of the flat 
roofs for the skeleton variants are well-insulated (24 cm cellulose + 6 cm resol)3. 
Consequently, the first Pareto optimum starts with a well insulated flat roof. The analysis 
                                                 
3 This selection is made based on the analysis of a more extended number of variants for this dwelling (see 
section 13.01.04). 
  KAREN ALLACKER | SUSTAINABLE BUILDING 
PART B | 13 Dwelling analysis P a g e  | 271 
moreover proves that this is the only optimal thickness (all Pareto optima consist of FR9). 
The first priority is floor insulation (21 cm), thermally improved glazing, pitched roof insulation 
(8 cm), opting for another type of pitched roof (closely placed rafters with 14 and 
subsequently 18 cm rock wool), increasing the pitched roof insulaton to 30 cm and finally 
triple glazing. 
The analysis based on life cycle financial versus life cycle external cost reveals that there are 
only eight Pareto optima for the solid variants, and eleven optima for the skeleton variants. 
The first, sub- and absolute optima are summarised in Table 13.09. The solid sub-optimum 
(Pareto solid 5) corresponds to K14 and E45, while the skeleton sub-optimum (Pareto 
skeleton 10) is characterised by K12 and E44. Compared to the optima based on initial 
financial versus life cycle external cost, the sub-optima now consist of a different type of 
outer wall (cavity wall with a brick veneer and 20 cm rock wool for the solid variants and FJI 
profiles with 41 cm cellulose with a brick veneer for the skeleton variants). Despite the high 
financial investment cost, these appear to be justified based on life cycle financial cost. 
Table 13.09 Detached before 1945: first Pareto optimum (lowest LF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
Pareto solid 1 GRFL3 OW3 FR3 VAR2 PR5 16 48 3.942,76 225,21  
Pareto solid 5 GRFL3 OW3 FR3 VAR4 PR7 14 45 3.962,83 219,82  
Pareto solid 8 GRFL3 OW9 FR4 VAR4 PR7 14 46 4.057,09 219,12  
Pareto skeleton 1 GRFL3 OW18b FR9 VAR2 PR7 15 47 4.004,50 224,71  
Pareto skeleton 10 GRFL3 OW20b FR9 VAR2 PR7 12 44 4.032,33 218,86 8.196 
Pareto skeleton 11 GRFL3 OW20 FR9 VAR4 PR7 12 45 5.167,33 218,73 8.397 
 
Figure 13.06 Detached, before 1945: life cycle financial versus life cycle external cost. 
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CONTRIBUTION PHASES 
In Figure 13.07 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for a selection of alternatives. The 
selection includes the reference dwellings (REF), the solid and skeleton sub-optima (OPTIM) 
based on financial, external and total cost and the solid and skeleton absolute optima (MIN) 
based on external cost. For the existing dwelling, a fictitious initial cost is considered at the 
current prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to the more recent dwellings. 
 
Figure 13.07 Detached, before 1945: financial and external costs for the different phases and 
processes for a selection of variants. 
The importance of the financial cost in the total cost is confirmed from this graph. 
Furthermore, the difference between the financial and external costs becomes clear. While 
for the financial cost the periodic costs are the most important, followed by the investment 
cost, the heating cost is most important from an environmental point of view. The 
optimisation potential from an environmental perspective is therefore mainly the reduction in 
the energy use, while from a financial point of view optimisation of cleaning, maintenance 
and replacement costs should be focussed on. 
A more detailed analysis of the external cost is presented in Figure 13.08 and Figure 13.09. 
Figure 13.08 includes the reference dwellings, the solid and skeleton sub-optima based on 
external cost, the solid and skeleton absolute optima based on life cycle external cost and 
three extra optimisation variants of the solid sub-optimum. The extra optimisation is based on 
the results of the element analysis and includes the choice for laminate instead of ceramic 
tiles for the floor on grade, the use of perforated bricks instead of building clay bricks for the 
outer walls and sand-lime brick for the loadbearing inner walls, cellulose instead of rock wool 
for the pitched roof and the use of a wood wool board instead of a cement fibre board as 
sub-roof. This extra option is analysed for an air-tightness of 6 (unchanged), 3 and 0,6 air 
changes per hour. Within Figure 13.09, three variants are summarised:  
- Reference before 1945 
- Pareto sub-optimum based on external cost 
- Extra optimisation of the environmental cost sub-optimum based on the element 
analysis and for improved air-tightness (0,6 air changes per hour). 
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The analysis reveals that the life cycle environmental cost of the existing dwelling is mainly 
determined by the heating cost. The solid variants induce a lower initial environmental cost 
than the skeleton variants. 
 
Figure 13.08 Detached, before 1945: external costs for the different phases and processes for a 
selection of variants. 
 
Figure 13.09 Detached, before 1945: proportional distribution of the external costs for the different 
phases and processes for a selection of variants.4 
The skeleton sub-optimum leads to a 22% reduction in the LE compared to common practice 
to date (REF skeleton new). A 20,5% reduction in the LE is noticed for the solid sub-optimum 
compared to common (solid) practice (REF new solid). The life cycle external cost of the 
extra optimal variant with improved air-tightness (last in Figure 13.08) is 21% lower than of 
the earlier defined sub-optimum (6th in Figure 13.08). The net energy demand equals 44,5 
kWh/m2, year which is higher than the maximum allowed for the passive standard (15 
kWh/m2, year). 
Figure 13.09 reveals that for the older dwelling, heating represents 87% of the life cycle cost 
while the construction of the dwelling is responsible for 10%. The construction cost gains 
importance for the optimised variants to 35% for the solid sub-optimum and to 34% for the 
extra optimum with improved air-tightness. 
                                                 
4 The EOL E is deducted from the IE. 
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CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.10. From a financial point of view, the elements contributing most are 
the floor on grade and the outer walls. The elements which contribute most to the 
environmental cost are the floor on grade, the outer walls and the intermediate floors. The 
elements which are not mentioned represent less than 10% of the life cycle cost. 
 
Figure 13.10 Detached, before 1945: contribution of the different elements to the life cycle 
financial and external cost (excluding heating) for the extra environmental optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.10. For a reduced life span of 30 years the optimal K and E values are higher, while for a 
prolonged life span (120 years) the optimal values are approximately identical based on the 
environmental cost optimisation, but lower based on the financial and total cost optimisation. 
The first Pareto option is identical for all scenarios. 
Table 13.10 Detached, before 1945: summary of the K and E values of the optima (IE/LE, IF/LF 
and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years) 
 
Changing the economic parameters to a higher growth rate for the financial energy prices 
(4%) and for the external material costs (0,5%) does not lead to other decisions. For an 
increased financial and external cost discount rate (4% and 3% respectively), the Pareto 
front does change. For the external cost the difference is minor. The absolute optimum 
based on external cost equals the last-but-one (Pareto 28) according to the basic scenario. 
For the financial and total cost, the absolute optimum equals Pareto 26 in Table 13.06, which 
means a K and E-value which are 2 points higher (K18 and E50). However, the latter is still 
situated in the horizontal slope of the Pareto front according to the basic scenario and was 
therefore already questioned. The sub-optima remain unchanged.  
optima
first K77 E118 K77 E118 K77 E118 K77 E118 K77 E118 K77 E118 K77 E118 K77 E118 K77 E118
sub K27 E61 K37 E72 K25 E60 K14 E47 K21 E54 K19 E51 K14 E46 K16 E48 K16 E48
absolute K14 E47 K25 E59 K21 E54 K14 E46 K16 E48 K16 E48 K13 E45 K16 E48 K14 E45
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.02.02 Detached dwelling, type 2 (period 1945 – 1970) 
The selected dwelling consists only of a pitched roof (no flat roof) which limits the number of 
variants to 3.360 (1.344 solid + 2.016 skeleton). Sensitivity analysis of the life span (30 – 60 
– 120) and of the economic parameters (two alternatives) leads to a total of 30.240 
simulations (3.360 x 3 x 3). 
As can be seen in the tables in this section, the overheating indicator never rises above 
17.500 Kh. However, high values (up to 15.000 Kh) are noticed. This can however be solved 
with a shading device (external screens) or increased ventilation in summer and are 
therefore found acceptable. 
The external, financial and total costs of all variants are plotted on a single graph in Figure 
13.11. The external cost represents on average 5% of the total cost, with a minimum of 4% 
and a maximum of 7%. The latter is thus mainly determined by the financial cost. For the 
dwelling representative of the period 1945-1970, the external cost of the ‘remaining’ cost 
represents 11% of the total cost. 
The skeleton variants lead to a higher initial external, but approximately identical life cycle 
external cost to the solid variants. The financial (initial and life cycle) costs of the skeleton 
variants are higher than those of the solid variants. 
Two clouds of results are found for the financial and total cost of the skeleton variants. The 
higher life cycle costs prove to be the dwellings with outer walls with larch planks as external 
finishing. The high cost can be explained by the higher cleaning and maintenance cost 
compared to the brick veneer. The initial financial and total cost of the larch planks variants is 
slightly lower than those of the brick veneer variants. These are therefore situated on the 
financial and total cost Pareto front of the skeleton variants. 
 
Figure 13.11 Detached, 1945 – 1970: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.12. A distinction is made between the 
solid alternatives consisting of outer walls with a brick veneer as external finishing and the 
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ones with stucco on insulation. For the skeleton variants, the dwellings with outer walls with a 
brick veneer are differentiated from the ones with larch planks. The Pareto front is 
determined for the solid and skeleton variants separately. The ‘remaining’ cost for the 
reference for the period 1945-1970 is not indicated since its life cycle external cost is much 
higher and would make the graph intangible. However, this cost is plotted on the graph in 
Figure 13.11. 
 
Figure 13.12 Detached, 1945 – 1970: initial versus life cycle external cost. 
The analysis reveals that for the solid variants, the dwellings with outer walls with stucco are 
preferred above the brick veneer variants. For the skeleton variants, the difference between 
the two external finishes is negligible. 
The Pareto front of the solid variants is shown in Table 13.11, which is equal to the Pareto 
front of all options. From an environmental point of view, choosing thermally improved 
glazing above normal double glazing is the first priority since normal double glazing does not 
occur in the set of optimal variants. The subsequent priorities are the outer walls, the pitched 
roof and finally the floor on grade. The first Pareto optimum (option with the lowest IE) 
corresponds to K73 and E102. This option requires an initial financial investment cost of 
1.315 euro/m² floor and results in a financial life cycle cost of 4.362 euro/m² floor. 
The absolute optimum is characterised by K15 and E48. Compared to the first Pareto 
optimum, a reduction of 28% in the LE is achieved. This option however requires an extra 
financial investment of 99 euro/m² floor (increase of 7,5%), while the life cycle financial cost 
is reduced to 4.247 euro/m² floor (reduction of 3%). The environmental investment thus also 
results in a life cycle financial improvement. However, it requires an extra financial 
investment of 7,5%. 
Pareto 19 is identified as sub-optimum. Compared to the first Pareto optimum, again a 
reduction in the LE of 28% is achieved. This option requires an extra external investment of 7 
euro/m² floor (instead of 8 for the absolute optimum) which is an increase of 9% (instead of 
10%). The extra needed financial investment cost is limited to 7%, while the life cycle 
financial cost is still reduced by 3%. Pareto 19 consists of a floor on grade with 21 cm PUR, 
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outer wall OW9 (stucco on 20 cm EPS), pitched roof PR5 (rafters + purlins with 30 cm rock 
wool) and triple glazing with thermally insulated wood frames.  
As can be seen from Figure 13.12, several of the Pareto steps should not be taken to reach 
to the sub-optimum since these require a high extra investment for a small reduction in the 
life cycle cost. It concerns Pareto 3 to 6, Pareto 10, Pareto 13 and Pareto 16 (italics in Table 
13.11). 
Table 13.11 Detached 1945-1970: Pareto options based on external cost for the solid alternatives. 
 
floor on 
grade 
outer 
wall 
pitched 
roof window K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh) 
 
Pareto 1 GRFL0 OW8 PR0 VAR1 73 102 77,74 283,78  
Pareto 2 GRFL0 OW8 PR1 VAR1 57 84 78,22 261,57  
Pareto 3 GRFL0 OW9 PR1 VAR1 54 82 78,75 261,12  
Pareto 4 GRFL2 OW8 PR0 VAR2 50 78 79,95 255,70  
Pareto 5 GRFL3 OW8 PR0 VAR2 48 76 80,16 253,33  
Pareto 6 GRFL3 OW8 PR0 VAR3 46 75 80,43 251,04  
Pareto 7 GRFL2 OW8 PR1 VAR2 34 62 80,43 230,61 9.731 
Pareto 8 GRFL3 OW8 PR1 VAR2 32 60 80,65 228,02 10.096 
Pareto 9 GRFL3 OW8 PR1 VAR3 30 59 80,91 225,66 10.412 
Pareto 10 GRFL3 OW9 PR1 VAR3 28 57 81,43 223,67 10.590 
Pareto 11 GRFL3 OW8 PR1 VAR4 28 57 81,75 221,09 11.062 
Pareto 12 GRFL3 OW9 PR1 VAR4 25 54 82,27 219,01 11.257 
Pareto 13 GRFL2 OW8 PR5 VAR2 25 54 83,06 217,51 11.869 
Pareto 14 GRFL3 OW8 PR5 VAR2 23 53 83,27 214,78 12.386 
Pareto 15 GRFL3 OW8 PR5 VAR3 21 52 83,53 212,31 12.837 
Pareto 16 GRFL3 OW9 PR5 VAR2 20 51 83,79 212,27 12.660 
Pareto 17 GRFL3 OW9 PR5 VAR3 19 50 83,86 209,66 13.126 
Pareto 18 GRFL3 OW8 PR5 VAR4 18 50 84,18 207,46 13.776 
Pareto 19 GRFL3 OW9 PR5 VAR4 16 48 84,70 204,79 14.098 
Pareto 20 GRFL3 OW9 PR7 VAR4 15 48 85,69 204,13 14.437 
The option with the highest life cycle external cost of all analysed options equals K115 and 
E149. In comparison to this dwelling, the sub-optimum (Pareto 19) leads to a reduction of 
38% in the LE and of 4% in the LF. Compared to the ‘remaining’ cost of the dwelling 
representative of the period 1945-1970, the LE of the sub-optimum equals nearly one third, 
while the LF is 12% higher (4.244 compared to 3.786 euro/m²). 
An identical analysis of the skeleton variants reveals that conclusions are similar. The first 
Pareto option (lowest IE) is characterised by K70 and E99. The absolute optimum equals 
K13 and E46. This optimisation leads to a 27% reduction in LE (77,5 euro/m² floor), but 
requires an extra financial investment of 118 euro/m² floor (8%). Moreover, this results in a 
decrease in the life cycle financial cost of 2% (- 102 euro/m² floor). 
The sub-optimum (as indicated on the graph in Figure 13.12) leads to a reduction in the life 
cycle external cost of 26%. Although, the extra financial investment decreases to 92 euro/m² 
floor (+6%), it results in a reduction in the life cycle financial cost of 3% (-111 euro/m² floor).  
For the sub-optima and absolute optima of this dwelling, the reduction in the life cycle 
external cost implies a reduction in the life cycle financial cost. However, this does not mean 
that this is always valid. An analysis of both is required to enable correct decisions. 
Considering the total cost is another option for evaluating both. 
The skeleton variant with the highest life cycle external cost of all analysed options equals 
K82 and E112. Compared to this option, a reduction in the life cycle external cost of 30% is 
achieved by the sub-optimum. This requires an extra financial investment of 103 euro/m² 
floor (7%), but results in a 3% reduction in the life cycle financial cost.  
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FINANCIAL AND TOTAL COST 
The Pareto set based on financial cost differs substantially from the one based on external 
cost (Table 13.12). The financial cost sub-optimum (Pareto 19) corresponds to a dwelling 
consisting of a floor on grade with the highest foreseen insulation level, outer wall 2 (cavity 
wall, 14 cm rock wool with a brick veneer), pitched roof 10 (closely placed rafters foreseen of 
14 cm rock wool) and thermally improved glazing with standard window frames. This 
corresponds to K26 and E55. 
Table 13.12 Detached 1945-1970: Pareto options based on financial cost for the solid alternatives. 
 
floor on 
grade 
outer 
wall 
pitched 
roof window K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover 
(Kh) 
 
Pareto 1 GRFL0 OW8 PR0 VAR1 73 102 1.315,31 4.362,01  
Pareto 2 GRFL0 OW8 PR0 VAR2 65 95 1.325,79 4.356,28  
Pareto 3 GRFL2 OW8 PR0 VAR1 50 78 1.326,46 4.305,35  
Pareto 4 GRFL2 OW8 PR0 VAR2 50 78 1.326,55 4.285,70  
Pareto 5 GRFL3 OW8 PR0 VAR2 48 76 1.327,58 4.267,06  
Pareto 6 GRFL2 OW8 PR1 VAR1 41 69 1.343,33 4.259,20 10.191 
Pareto 7 GRFL2 OW8 PR1 VAR2 34 62 1.343,42 4.237,00 9.731 
Pareto 8 GRFL3 OW8 PR1 VAR2 32 60 1.344,44 4.217,81 10.096 
Pareto 9 GRFL3 OW8 PR9 VAR2 29 58 1.353,30 4.213,28 10.776 
Pareto 10 GRFL3 OW8 PR10 VAR2 27 56 1.355,74 4.205,81 11.333 
Pareto 11 GRFL3 OW8 PR11 VAR2 26 55 1.358,29 4.203,06 11.652 
Pareto 12 GRFL3 OW8 PR5 VAR2 23 53 1.367,88 4.201,92 12.386 
Pareto 13 GRFL3 OW1 PR1 VAR1 44 71 1.381,63 4.195,24 9.695 
Pareto 14 GRFL3 OW1 PR1 VAR2 36 64 1.381,73 4.173,42 9.204 
Pareto 15 GRFL3 OW2 PR1 VAR2 31 59 1.387,88 4.163,07 9.807 
Pareto 16 GRFL3 OW1 PR10 VAR2 31 60 1.393,02 4.161,78 10.252 
Pareto 17 GRFL3 OW1 PR11 VAR2 30 59 1.395,57 4.159,10 10.521 
Pareto 18 GRFL3 OW2 PR9 VAR2 28 57 1.396,72 4.158,06 10.463 
Pareto 19 GRFL3 OW2 PR10 VAR2 26 55 1.399,15 4.150,24 11.000 
Pareto 20 GRFL3 OW2 PR11 VAR2 25 54 1.401,70 4.147,29 11.308 
Pareto 21 GRFL3 OW3 PR11 VAR2 23 52 1.407,47 4.146,18 11.505 
Pareto 22 GRFL3 OW2 PR5 VAR2 22 52 1.411,28 4.145,74 12.014 
Pareto 23 GRFL3 OW3 PR5 VAR2 20 50 1.417,04 4.144,21 12.241 
A similar analysis is executed for the total cost. 20 Pareto optima are identified (Table 13.13). 
These correspond to a large extent to the optima based on financial cost. However, 
differences are noticed. The Pareto options 3, 6 and 11 within the financial cost Pareto front 
do not occur on the total cost Pareto front. Inclusion of the external costs would therefore 
influence the decisions. 
The absolute optimum based on total cost corresponds to the financial based one. The total 
cost sub-optimum (Pareto 17) corresponds to K25 and E54. It consists of a well insulated 
floor on grade, outer wall 2 (cavity with 14 cm rock wool and a brick veneer), PR11 (closely 
placed rafters with 18 cm rock wool) and thermally improved glazing. 
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Table 13.13 Detached 1945-1970: Pareto options based on total cost for the solid alternatives. 
 
floor on 
grade 
outer 
wall 
pitched 
roof window K E 
IT (€/m² 
floor) 
LT (€/m² 
floor) 
Iover 
(Kh) 
 
Pareto 1 GRFL0 OW8 PR0 VAR1 73 102 1.393,05 4.645,79  
Pareto 2 GRFL0 OW8 PR0 VAR2 65 95 1.405,99 4.634,99  
Pareto 3 GRFL2 OW8 PR0 VAR2 50 78 1.406,50 4.541,39  
Pareto 4 GRFL3 OW8 PR0 VAR2 48 76 1.407,74 4.520,39  
Pareto 5 GRFL2 OW8 PR1 VAR2 34 62 1.423,86 4.467,61 9.731 
Pareto 6 GRFL3 OW8 PR1 VAR2 32 60 1.425,09 4.445,83 10.096 
Pareto 7 GRFL3 OW8 PR9 VAR2 29 58 1.435,91 4.437,02 10.776 
Pareto 8 GRFL3 OW8 PR10 VAR2 27 56 1.438,80 4.426,05 11.333 
Pareto 9 GRFL3 OW8 PR11 VAR2 26 55 1.441,81 4.421,64 11.652 
Pareto 10 GRFL3 OW8 PR5 VAR2 23 53 1.451,15 4.416,70 12.386 
Pareto 11 GRFL3 OW1 PR1 VAR2 36 64 1.464,82 4.408,01 9.204 
Pareto 12 GRFL3 OW2 PR1 VAR2 31 59 1.472,22 4.391,79 9.807 
Pareto 13 GRFL3 OW1 PR10 VAR2 31 60 1.478,52 4.388,74 10.252 
Pareto 14 GRFL3 OW1 PR11 VAR2 30 59 1.481,53 4.384,44 10.521 
Pareto 15 GRFL3 OW2 PR9 VAR2 28 57 1.483,02 4.382,32 10.463 
Pareto 16 GRFL3 OW2 PR10 VAR2 26 55 1.485,90 4.370,87 11.000 
Pareto 17 GRFL3 OW2 PR11 VAR2 25 54 1.488,91 4.366,19 11.308 
Pareto 18 GRFL3 OW3 PR11 VAR2 23 52 1.495,76 4.362,92 11.505 
Pareto 19 GRFL3 OW2 PR5 VAR2 22 52 1.498,24 4.360,68 12.014 
Pareto 20 GRFL3 OW3 PR5 VAR2 20 50 1.505,09 4.356,81 12.241 
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
Two more Pareto fronts have been calculated. The first is the analysis of the financial 
investment cost versus the life cycle external cost (Figure 13.13). This analysis enables 
insight to be gained into which measures should be taken to reduce the life cycle external 
cost for the lowest extra financial investment cost. The second concerns the analysis of the 
financial life cycle cost versus the life cycle external cost (Figure 13.14). This second 
analysis provides insight into which measures lead to the highest reduction in the life cycle 
external cost for the lowest increase in life cycle financial cost.  
The first analysis shows that both for the solid and skeleton alternatives most Pareto optima 
consist of outer walls with stucco on insulation or larch planks. The absolute optima of the 
skeleton alternatives consist of outer walls with a brick veneer, but this option requires a high 
extra financial investment cost for only a minor reduction in the life cycle external cost.  
In Table 13.14 the first Pareto optima (lowest IF), the sub-optima and the absolute optima 
are summarised for both the solid and skeleton variants. The sub-optimum for the solid 
variants corresponds to K16 and E48, for the skeleton variants with K17 and E50. 
Table 13.14 Detached 1945-1970: first Pareto optimum (lowest IF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost.  
  
floor on 
grade 
outer 
wall 
pitched 
roof window K E 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh) 
 
Pareto solid 1 GRFL0 OW8 PR0 VAR1 73 102 1.315,31 283,78  
Pareto solid 29 GRFL3 OW9 PR5 VAR4 16 48 1.407,88 204,79 14.098 
Pareto solid 30 GRFL3 OW9 PR7 VAR4 15 48 1.414,67 204,13 14.437 
Pareto skeleton 1 GRFL0 OW17 PR0 VAR1 70 99 1.412,10 281,99  
Pareto skeleton 25 GRFL3 OW17 PR5 VAR4 17 50 1.504,11 209,96 14.845 
Pareto skeleton 32 GRFL3 OW20b PR7 VAR4 13 46 1.575,64 206,56 15.012 
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Figure 13.13 Detached, 1945-1970: initial financial versus life cycle external cost. 
The analysis based on life cycle financial versus life cycle external cost reveals that there are 
five Pareto optima for the solid variants, and nine optima for the skeleton variants. However, 
the final optimum for the solid variants can be questioned since it requires a high extra 
financial life cycle cost for only a small reduction in the life cycle external cost. The Pareto 
optima are summarised in Table 13.15. 
 
Figure 13.14 Detached, 1945-1970: life cycle financial versus life cycle external cost. 
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Table 13.15 Detached 1945-1970: first Pareto optimum (lowest LF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh) 
 
Pareto solid 1 GRFL3 OW3 PR5 VAR2 20 50 4.144,21 212,60 12.241 
Pareto solid 4 GRFL3 OW3 PR7 VAR4 15 47 4.182,84 204,28 13.911 
Pareto solid 5 GRFL3 OW9 PR7 VAR4 15 48 4.246,78 204,13 14.437 
Pareto skeleton 1 GRFL3 OW18b PR5 VAR2 20 50 4.280,28 215,72 13.088 
Pareto skeleton 9 GRFL3 OW20b PR7 VAR4 13 46 4.328,67 206,56 15.012 
The solid sub-optimum (Pareto solid 4) corresponds to K15 and E47, while the skeleton sub-
optimum (Pareto skeleton 9) is characterised by K13 and E46. 
CONTRIBUTION PHASES 
In Figure 13.15 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
for the previous dwelling. For the existing dwelling, an initial cost is considered at the current 
prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to more recent dwellings. 
 
Figure 13.15 Detached, 1945-1970: financial and external costs for the different phases and 
processes for a selection of variants. 
The same conclusions are valid as for the previous dwelling. The optimisation potential from 
an environmental point of view is mainly the reduction in the energy use, while from a 
financial point of view the focus should be on the optimisation of cleaning, maintenance and 
replacement costs. 
A more detailed analysis of the external cost is presented in Figure 13.16 and Figure 13.17, 
analogous to the treatment of the previous dwelling.  
The analysis reveals that the high ‘remaining’ cost of the existing dwelling is mainly due to 
the heating cost. The solid variants induce a lower initial cost than the skeleton variants. 
The skeleton sub-optimum leads to an 18% reduction in the LE compared to common 
practice to date (REF skeleton new). A 17% reduction in the LE is noticed for the solid sub-
optimum compared to common (solid) practice (REF new solid). The life cycle external cost 
of the extra optimal variant with improved air-tightness (last in Figure 13.16) is 17% lower 
than of the earlier defined sub-optimum (6th in Figure 13.16). The net energy demand equals 
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37 kWh/m2, year which is higher than the maximum allowed for the passive standard (15 
kWh/m2, year). 
Figure 13.17 reveals that for the older dwelling, heating represents 86% of the life cycle 
environmental cost while the construction of the dwelling is responsible for 10%. The 
construction cost gains importance for the variants with reduced life cycle costs to 31% for 
the solid sub-optimum and to 30% for the extra optimum with improved air-tightness. 
 
Figure 13.16 Detached, 1945-1970: external costs for the different phases and processes for a 
selection of variants. 
 
Figure 13.17 Detached, 1945-1970: proportional distribution of the external costs for the different 
phases and processes for a selection of variants.5 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.18. From a financial point of view, the elements contributing most are 
the non-bearing inner walls, the floor on grade and the outer walls, while from an 
environmental point of view, the floor on grade, the outer walls, the pitched roof, the non-
bearing inner walls and the floors contribute most to the life cycle cost. There is furthermore 
a large discrepancy between the importance of the foundation, services and windows from 
both viewpoints. 
                                                 
5 The EOL E is deducted from the IE. 
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Figure 13.18 Detached, 1945-1970: contribution of the different elements to the life cycle financial 
and external cost (excluding heating) for the extra environmental optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the optima based on environmental cost hardly depend 
on the considered life span of the dwelling. Decisions based on the financial and total cost, 
on the other hand, are influenced by the considered life span of the dwelling. It is mainly the 
importance of the heating demand which plays a role. Therefore the obtained K and E values 
of the optima (first Pareto option, sub-optimum and absolute optimum) are summarised for 
the three considered life spans (30, 60 and 120 years) in Table 13.16. For a reduced life 
span of 30 years the optimal K and E values (based on financial and total cost) are higher. 
For a prolonged life span (120 years) only the decisions based on total cost change (a 
decrease of 5 points in K-value and of 4 points in E-value for both the sub and absolute 
optimum. The first Pareto option is identical for all scenarios. 
Table 13.16 Detached 1945 -1970: summary of the K and E values of the optima (IE/LE, IF/LF and 
IT/LT) for the three considered dwelling life spans (30, 60 and 120 years) 
 
Changing the economic parameters to a higher growth rate for the financial energy prices 
(4%) and for the external material costs (0,5%) does not lead to other decisions. For an 
increased financial and external cost discount rate (4% and 3% respectively), the Pareto 
front does change, however the sub-optima remain unchanged. 
  
optima
first K73 E102 K73 E102 K73 E102 K73 E102 K73 E102 K73 E102 K73 E102 K73 E102 K73 E102
sub K16 E48 K32 E60 K32 E60 K16 E48 K26 E55 K25 E54 K15 E48 K25 E54 K20 E50
absolute K16 E48 K32 E60 K23 E53 K15 E48 K20 E50 K20 E50 K15 E47 K19 E49 K15 E47
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.02.03 Detached dwelling, type 3 (period 1971 – 1990) 
The selected dwelling consists of only a flat roof (no pitched roof) which limits the number of 
variants to 1.536 (960 solid + 576 skeleton). For this dwelling the influence of a solar boiler 
for the production of hot domestic water is investigated, resulting in a doubling of the number 
of simulations (3.072). Sensitivity analysis of the life span (30 – 60 – 120) and of the 
economic parameters (two alternatives) leads to a total of 27.648 simulations (3.072 x 3 x 3).  
The dwelling has a large window area which induces overheating problems if no shading 
devices are foreseen for the well-insulated variants. In order to overcome this problem 
external screens are applied for the dwelling variants with an overheating indicator Iover higher 
than 17.500 Kh. If overheating remains (Iover > 17.500 Kh), the options are excluded from the 
analysis. The Iover mentioned in the tables in this section, are with solar screens if these 
proved to be necessary. The extra investment cost for the screens is considered. Since the 
EPB approach considers the risk for the installation of active cooling for dwellings with an Iover 
between 8.000 and 17.500 Kh, these dwelling variants result in a high E-value for a relatively 
low K-value. For these dwelling variants, the E-values with an increased ventilation rate of 3 
air changes per hour are mentioned too (E value in brackets). 
The external, financial and total costs of all variants are plotted on a single graph (Figure 
13.19). The external costs represents on average 6% of the total cost, with a minimum of 4% 
and a maximum of 9%. This is the same order of magnitude as for the previous dwelling. For 
the dwelling representative of the period 1971-1990, the external cost of the ‘remaining’ cost 
represents 8% of the total cost. 
Two clouds of variants are noticed for the financial and total cost of the skeleton and solid 
variants. For the skeleton alternatives, the upper cloud represents the dwellings with outer 
walls with larch planks as external finishing (identical to the previous dwelling). The upper 
clouds of the solid variants represent the options with a flat roof without insulation. The 
skeleton variants result in a comparable life cycle financial and total cost to the solid variants, 
while for the previous dwelling these result in a higher cost. The financial and total 
investment cost of most of the skeleton variants is higher than of the solid variants. 
 
Figure 13.19 Detached, 1971 – 1990: initial versus life cycle cost. 
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EXTERNAL COST 
The external costs are shown separately in Figure 13.20. A distinction (different symbol) is 
made between the dwellings with and without a solar boiler. The Pareto front is determined 
for the solid and skeleton variants separately. 
 
Figure 13.20 Detached, 1971 – 1990: initial versus life cycle external cost. 
The solid variants with the higher life cycle external cost (higher cloud of options) represent 
the dwellings with non-insulated flat roofs. The dwellings with a solar boiler require a higher 
external investment cost, but result in a lower life cycle cost. The Pareto front of the solid 
variants is shown in Table 13.17. 
All Pareto options to reach to the sub-optimum consist of the same flat roof (FR3) which is 
the cellular concrete slab with 14 cm resol. The first Pareto option (lowest IE) consists of a 
non-insulated floor on grade, OW8 (stucco on 14 cm EPS) and thermally improved glazing 
with standard frames (without solar boiler). From an environmental point of view, increased 
floor insulation (10 cm) is the first priority, followed by opting for thermally insulated window 
frames. The subsequent priority is increased floor insulation (21 cm). The choice for outer 
wall OW9 (stucco on 20 cm EPS) instead of OW8 should be seen as the final step to reach 
to the sub-optimum. For, it requires a higher extra investment for a small reduction in the life 
cycle cost compared to the previous measures. The Pareto options 2, 4, and 6 should 
therefore be omitted (indicated in italics in Table 13.17). 
The first Pareto option (lowest IE) corresponds to K48 and E76. This option requires an initial 
financial investment cost of 1.053 euro/m² floor and results in a financial life cycle cost of 
3.489 euro/m² floor. The absolute optimum equals K16 and E43. Compared to the first 
Pareto optimum, a reduction of 24% in the LE is achieved. This option however requires an 
extra financial investment of 252 euro/m² floor (increase of 24%), while the life cycle financial 
cost is increased to 3.630 euro/m² floor (increase of 4%). The environmental investment thus 
results in a life cycle financial increase. 
Pareto 8 is identified as sub-optimum. Compared to the first Pareto optimum, a reduction in 
the LE of 16% (instead of 24% for the absolute optimum) is achieved. This option requires a 
SUSTAINABLE BUILDING | KAREN ALLACKER 
P a g e  | 286  PART B | 13 Dwelling analysis 
5% higher external investment (instead of 24% for the absolute optimum). Despite this higher 
financial investment cost, the life cycle financial cost is reduced by 1%.  
The option with the highest life cycle external cost equals K170 and E220. In comparison to 
this dwelling, the solid sub-optimum (Pareto 8) leads to a 49% reduction in the LE and of 9% 
in the LF. 
Table 13.17 Detached, 1971-1990: Pareto options based on external cost for the solid alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
solar 
boiler 
(Y/N) K E (E) 
IE 
(€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh) 
  
Pareto 1 GRFL0 OW8 FR3 VAR2 N 48 76 (74) 72,47 223,20 10.828 
Pareto 2 GRFL1 OW8 FR3 VAR1 N 51 80 (74) 72,65 223,06 13.142 
Pareto 3 GRFL2 OW8 FR3 VAR2 N 30 63 (63) 72,71 195,19 15.260 
Pareto 4 GRFL2 OW9 FR3 VAR2 N 29 61 (61) 73,14 194,42 15.436 
Pareto 5 GRFL2 OW8 FR3 VAR3 N 28 62 (51) 73,14 191,17 16.153 
Pareto 6 GRFL2 OW9 FR3 VAR3 N 26 60 (49) 73,57 190,34 16.346 
Pareto 7 GRFL3 OW8 FR3 VAR3 N 25 61 (48) 74,03 188,12 17.124 
Pareto 8 GRFL3 OW9 FR3 VAR3 N 24 60 (47) 74,46 187,14 17.357 
Pareto 9 GRFL3 OW8 FR4 VAR3 N 24 60 (50) 74,94 187,00 17.346 
Pareto 10 GRFL3 OW8 FR5 VAR3 N 23 59 (49) 76,17 186,81 17.331 
Pareto 11 GRFL2 OW8 FR3 VAR4 N 22 53 (54) 76,43 184,30 13.737 
Pareto 12 GRFL2 OW9 FR3 VAR4 N 21 51 (53) 76,86 183,35 13.933 
Pareto 13 GRFL3 OW8 FR3 VAR4 N 20 52 (52) 77,32 181,11 14.663 
Pareto 14 GRFL3 OW9 FR3 VAR4 N 19 51 (50) 77,63 179,95 14.900 
Pareto 15 GRFL3 OW8 FR4 VAR4 N 19 51 (49) 78,10 179,81 14.889 
Pareto 16 GRFL3 OW8 FR3 VAR3 Y 25 55 (42) 78,38 179,59 17.124 
Pareto 17 GRFL3 OW9 FR4 VAR4 N 17 50 (47) 78,53 178,55 15.155 
Pareto 18 GRFL3 OW8 FR4 VAR3 Y 24 54 (44) 79,29 178,47 17.346 
Pareto 19 GRFL3 OW9 FR5 VAR4 N 16 49 (46) 79,76 178,07 15.183 
Pareto 20 GRFL2 OW8 FR3 VAR4 Y 22 46 (48) 80,78 175,77 13.737 
Pareto 21 GRFL2 OW9 FR3 VAR4 Y 21 45 (47) 81,21 174,82 13.933 
Pareto 22 GRFL3 OW8 FR3 VAR4 Y 20 45 (46) 81,67 172,58 14.663 
Pareto 23 GRFL3 OW9 FR3 VAR4 Y 19 44 (44) 81,98 171,42 14.900 
Pareto 24 GRFL3 OW8 FR4 VAR4 Y 19 45 (43) 82,45 171,28 14.889 
Pareto 25 GRFL3 OW9 FR4 VAR4 Y 17 44 (41) 82,88 170,02 15.155 
Pareto 26 GRFL3 OW9 FR5 VAR4 Y 16 43 (40) 84,11 169,55 15.183 
An identical analysis of the skeleton variants reveals that conclusions are similar. The first 
Pareto option (lowest IE) is characterised by K59 and E88. The absolute optimum equals 
K22 and E53. This optimisation leads to a 24% reduction in LE (57 euro/m² floor), but 
requires an extra financial investment of 178 euro/m² floor (15%). Moreover, this results in an 
increase in the life cycle financial cost of 2% (+ 85 euro/m² floor). 
Compared to the first Pareto option, the skeleton sub-optimum leads to a reduction in the life 
cycle external cost of 20% for an extra financial investment of 2% (22 euro/m² floor). 
Moreover, this results in an increase in the life cycle financial cost of 16,5% (+ 580 euro/m² 
floor). 
For the skeleton sub-optimum and absolute optimum of this dwelling, the reduction in the life 
cycle external cost implies an increase in the life cycle financial cost. The solid sub-optimum 
on the other hand results in a reduction in the life cycle financial cost. The analysis thus 
reveals that a reduction in the life cycle external cost may result in a reduction in the life cycle 
financial cost, though this is not necessarily true. An analysis of both is required to enable 
correct decisions. Considering the total cost is another option for evaluating both. 
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The skeleton variant with the highest life cycle external cost of all analysed options is 
characterised by K61 and E89. Compared to this option, a reduction in the life cycle external 
cost of 23% is achieved by the sub-optimum. This requires a 4% lower financial investment 
but leads to an increase in life cycle financial cost of 14%. 
FINANCIAL AND TOTAL COST 
The Pareto optima based on financial cost differ substantially from the ones based on 
external cost (Table 13.18). Similar to the previous dwelling, the absolute optimum (Pareto 
11) based on financial cost does not coincide with the one based on external cost. Pareto 11 
corresponds to a dwelling consisting of a floor on grade with the highest foreseen insulation 
level, outer wall 3 (cavity wall, 20 cm rock wool with a brick veneer), flat roof 1 (hollow 
concrete slab + 16 cm rock wool) and thermally improved glazing with standard frames, 
without solar boiler. This corresponds to a K29 and E60. The sub-optimum differs in outer 
wall type (stucco on 14 cm EPS) and corresponds to K31 and E63.  
For the skeleton variants, the absolute optimum based on financial cost consists of floor on 
grade type 3 (21 cm PUR), outer wall 10 (timber framed wall + 14 cm cellulose and a brick 
veneer), flat roof 9 (FJI + 24 cm cellulose) and thermally improved glazing with a standard 
window frame, without solar boiler. This dwelling equals K29 and E63. The sub-optimum 
differs in insulation level of the floor (10 cm PUR) and outer wall type (OW17 = FJI profiles 
with 24 cm cellulose and larch planks) and corresponds to K28 and E63. A similar analysis is 
executed for the total cost (Table 13.19). 
Table 13.18 Detached, 1971-1990: Pareto options based on financial cost for the solid alternatives. 
  
floor 
on 
grade 
outer 
wall 
flat 
roof window 
solar 
boiler 
(Y/N) K E (E) 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover 
(Kh) 
  
Pareto 1 GRFL0 OW8 FR0 VAR1 N 171 221  1.023,65 3.786,94  
Pareto 2 GRFL0 OW8 FR1 VAR1 N 66 93 (91) 1.032,58 3.517,58 10.454
Pareto 3 GRFL0 OW8 FR1 VAR2 N 51 79 (85) 1.033,90 3.480,71 10.171
Pareto 4 GRFL2 OW8 FR1 VAR1 N 48 78 (71) 1.034,37 3.438,42 13.668
Pareto 5 GRFL1 OW8 FR1 VAR2 N 40 69 (72) 1.035,96 3.434,47 12.463
Pareto 6 GRFL2 OW8 FR1 VAR2 N 33 64 (65) 1.036,70 3.397,67 14.082
Pareto 7 GRFL3 OW8 FR1 VAR2 N 31 63 (62) 1.040,61 3.372,80 14.845
Pareto 8 GRFL2 OW1 FR1 VAR2 N 36 66 (68) 1.062,62 3.366,52 13.243
Pareto 9 GRFL3 OW1 FR1 VAR2 N 34 64 (65) 1.066,53 3.341,75 13.931
Pareto 10 GRFL3 OW2 FR1 VAR2 N 31 62 (61) 1.071,23 3.337,54 14.553
Pareto 11 GRFL3 OW3 FR1 VAR2 N 29 60 (59) 1.075,75 3.338,15 14.695
Table 13.19 Detached, 1971-1990: Pareto options based on total cost for the solid alternatives. 
  
floor 
on 
grade 
outer 
wall 
flat 
roof window 
solar 
boiler 
(Y/N) K E (E) 
IT (€/m² 
floor) 
LT (€/m² 
floor) 
Iover 
(Kh) 
  
Pareto 1 GRFL0 OW8 FR0 VAR1 N 171 221  1.100,51 4.142,33  
Pareto 2 GRFL0 OW8 FR1 VAR2 N 51 79 (85) 1.113,47 3.715,83 10.171
Pareto 3 GRFL2 OW8 FR1 VAR1 N 48 78 (71) 1.114,55 3.664,59 13.668
Pareto 4 GRFL1 OW8 FR1 VAR2 N 40 69 (72) 1.115,46 3.651,60 12.463
Pareto 5 GRFL2 OW8 FR1 VAR2 N 33 64 (65) 1.116,63 3.605,28 14.082
Pareto 6 GRFL3 OW8 FR1 VAR2 N 31 63 (62) 1.121,43 3.577,46 14.845
Pareto 7 GRFL3 OW8 FR3 VAR2 N 28 62 (60) 1.135,56 3.570,90 16.139
Pareto 8 GRFL3 OW1 FR1 VAR2 N 34 64 (65) 1.149,07 3.550,73 13.931
Pareto 9 GRFL3 OW2 FR1 VAR2 N 31 62 (61) 1.154,71 3.543,21 14.553
Pareto 10 GRFL3 OW3 FR1 VAR2 N 29 60 (59) 1.160,03 3.542,82 14.695
Pareto 11 GRFL3 OW2 FR3 VAR2 N 27 60 (59) 1.168,81 3.535,96 15.834
Pareto 12 GRFL3 OW3 FR3 VAR2 N 26 59 (57) 1.174,13 3.535,24 16.016
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The optima correspond to a large extent to the optima based on financial cost. However, 
differences are noticed. The Pareto options 2 and 8 within the financial cost Pareto front do 
not occur on the total cost Pareto front. Inclusion of the external costs would therefore 
influence the decisions. Although the absolute optimum based on total cost differs from the 
one based on financial cost, the sub-optima correspond (Pareto 7 based on financial cost 
equals Pareto 6 based on total cost). 
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
The analysis of the financial investment versus the life cycle external cost (Figure 13.21) 
shows that for both the solid and skeleton alternatives the lower end of the Pareto front 
consist of options with a solar boiler. Both sub-optima are provided with a solar boiler. 
In Table 13.20 the first Pareto optimum, the sub-optimum and the absolute optimum are 
summarised for both the solid and skeleton variants. The solid sub-optimum corresponds to 
K24 and E54, the skeleton sub-optimum with K26 and E56. 
 
Figure 13.21 Detached, 1971-1990: initial financial versus life cycle external cost. 
Table 13.20 Detached 1971-1990: first Pareto optimum (lowest IF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost. 
  
floor 
on 
grade 
outer 
wall 
flat 
roof window
solar 
boiler 
(Y/N) K E (E) 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh) 
  
Pareto solid 1 GRFL0 OW8 FR0 VAR1 N 171 221  1.023,65 355,39  
Pareto solid 22 GRFL3 OW9 FR3 VAR3 Y 24 54 (40) 1.162,04 178,61 17.357 
Pareto solid 31 GRFL3 OW3 FR5 VAR4 Y 16 42 (40) 1.333,15 169,95 14843 
Pareto skeleton 1 GRFL0 OW17 FR9 VAR1 N 60 88 (84) 1.129,15 234,26 11.696 
Pareto skeleton 18 GRFL3 OW17 FR9 VAR2 Y 26 56 (43) 1.200,50 181,89 17.250 
Pareto skeleton 28 GRFL2 OW10 FR12 VAR4 Y 22 53 (39) 1.339,96 178,34 17.485 
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The analysis based on life cycle financial versus life cycle external cost reveals that a 
different choice is made than based on the criterion initial financial versus life cycle external 
cost (Table 13.21). Moreover, the Pareto front of the solid variants is interspersed in that of 
the skeleton variants (Figure 13.22). 
 
Figure 13.22 Detached, 1971-1990: life cycle financial versus life cycle external cost. 
The solid sub-optimum consists of a different type of outer wall (cavity wall with 20 cm rock 
wool and a brick veneer instead of stucco on 14 cm EPS). The skeleton sub-optimum 
consists of a different outer wall (FJI with 30 cm cellulose and a brick veneer instead of FJI 
with 24 cm cellulose and larch finishing) and a different flat roof (FJI with 36 cm cellulose 
instead of 24 cm cellulose). 
The solid sub-optimum corresponds to K17 and E43, while the skeleton sub-optimum is 
characterised by K25 and E55. These are lower than the corresponding options based on the 
optimisation of the initial financial cost versus the life cycle external cost. 
Table 13.21 Detached, 1971-1990: first Pareto optimum (lowest LF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor 
on 
grade 
outer 
wall 
flat 
roof 
win-
dow 
solar 
boiler 
(Y/N) K E (E) 
LF (€/m² 
floor) 
LE 
(€/m² 
floor) 
Iover 
(Kh) 
  
Pareto solid 1 GRFL3 OW2 FR1 VAR2 N 31 62 (61) 3.337,54 205,67 14.553
Pareto solid 20 GRFL3 OW3 FR4 VAR4 Y 17 43 (41) 3.547,19 170,49 14.813
Pareto solid 22 GRFL3 OW9 FR5 VAR4 Y 16 43 (40) 3.629,99 169,55 15.183
Pareto skeleton 1 GRFL3 OW10 FR9 VAR2 N 29 63 (53) 3.361,19 195,93 16.039
Pareto skeleton 6 GRFL3 OW18b FR9 VAR2 Y 25 55 (42) 3.423,00 181,32 17.461
Pareto skeleton 12 GRFL2 OW10 FR12 VAR4 Y 22 53 (39) 3.578,23 178,34 17.485
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CONTRIBUTION PHASES 
In Figure 13.23 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
for the previous dwelling. For the existing dwelling, an initial cost is considered at the current 
prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to more recent dwellings. 
The same conclusions are valid as for the previous dwellings. The optimisation potential from 
an environmental point of view is mainly the reduction in the energy use, while from a 
financial point of view the focus should be on the optimisation of cleaning, maintenance and 
replacement costs. 
A more detailed analysis of the external cost is presented in Figure 13.24 and Figure 13.25, 
analogous to the treatment of the previous dwellings.  
 
Figure 13.23 Detached, 1971-1990: financial and external costs for the different phases and 
processes for a selection of variants. 
 
Figure 13.24 Detached, 1971-1990: external costs for the different phases and processes for a 
selection of variants. 
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The analysis reveals that the optimisation of the existing dwelling is mainly due to a reduced 
heating cost. For the optima the heating cost is reduced to such an extent that the 
investment cost becomes equally or even more important. This is for example the case for 
the absolute optimum solid and skeleton variant based on external cost. 
The life cycle external cost of the third extra sub-optimal variant (last on graph in Figure 
13.24) is 17% lower than that of the earlier defined sub-optimum (6th on the graph in Figure 
13.24). The net energy demand equals 40 kWh/m² per year which is higher than the 
maximum allowed for the passive standard (15 kWh/m² per year). 
Figure 13.25 reveals that for the older dwelling, heating represents 74% of the life cycle cost 
while the construction of the dwelling is responsible for 20%. The construction cost gains 
importance for the optimal variants to 34% for the sub-optimal solid variant and to 33% for 
the extra optimal variant with improved air-tightness. 
 
Figure 13.25 Detached, 1971-1990: proportional distribution of the external costs for the different 
phases and processes for a selection of variants.6 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.26. For this dwelling, the floor on grade contributes most to both the 
life cycle financial and external cost, followed by the flat roof and the windows for the 
financial cost and by the outer walls and flat roof for the external cost. The elements which 
are not mentioned represent less than 10% of the life cycle cost. 
 
Figure 13.26 Detached, 1971-1990: contribution of the different elements to the life cycle financial 
and external cost (excluding heating) for the extra environmental optimum. 
                                                 
6 The EOL E is deducted from the IE. 
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SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.22. 
The optima based on environmental cost for a life span of 60 years seem odd compared to 
the results for the reduced and prolonged life span. This difference is due to the more 
detailed analysis of the influence of shading devices for the dwelling with a life span of 60 
years. This detailed analysis is not repeated for the other life spans. If no shading devices 
are considered for the dwelling, the first optimum for a life span of 60 years is characterised 
by an identical K- and E-value as for the other life spans (K36 and E66). The sub-optimum 
corresponds with K19 and E50 and the absolute optimum with K16 and E48. 
If we compare the results for all options without shading devices, it is clear that for a reduced 
life span of 30 years the optimal K and E values are approximately identical for the 
optimisation based on environmental cost. For the analysis based on financial and total cost, 
the optimal K- and E-values the sub-optima remain identical, but the values of the absolute 
optima are higher for a shorter life span. 
For a prolonged life span (120 years) the optimal values are approximately identical based 
on the environmental cost optimisation, but lower based on the financial and total cost 
optimisation.  
Table 13.22 Detached 1971 – 1990: summary of the K and E values of the optima (IE/LE, IF/LF 
and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years) 
 
Changing the economic parameters to a higher growth rate for the financial energy prices 
(4%) and for the external material costs (0.5%) does not lead to other decisions. For an 
increased financial and external cost discount rate (4% and 3% respectively), the financial 
and total cost optima change to a small extent while the external cost optima remain 
identical. 
  
optima
first K36 E66 K171 E221 K171 E221 K48 E76 K171 E221 K171 E221 K36 E66 K66 E93 K66 E93
sub K19 E50 K31 E63 K31 E63 K24 E60 K31 E63 K31 E63 K17 E49 K31 E62 K27 E60
absolute K17 E49 K31 E63 K31 E63 K16 E43 K29 E60 K26 E59 K16 E48 K26 E59 K18 E56
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.02.04 Detached dwelling, type 4 (period 1991 – 2001) 
The selected dwelling consists only of a pitched roof (no flat roof) which limits the number of 
variants to 3.360 variants (1.344 solid + 2.016 skeleton). For this dwelling four technical 
installations for heating and domestic hot water are investigated: a condensing gas boiler, a 
condensing gas boiler + solar boiler, a ground/water heat pump and a condensing pellet 
boiler. The latter both include a solar boiler. These result in a total of 13.440 (4 x 3.360) 
simulations. 
As can be seen in the tables in this section, the overheating indicator Iover never rises above 
17.500 Kh. However, high values (up to 14.000 Kh) are noticed. This can however be solved 
with a shading device (external screens) or increased ventilation in summer and are 
therefore found acceptable. 
The external and financial costs of all variants are plotted on a single graph (Figure 13.27). 
The total costs are omitted in order to obtain a tangible graph. The external costs represents 
on average 5% of the total cost, with a minimum of 3% and a maximum of 7%. This is the 
same order of magnitude as for the previous dwellings. For the dwelling representative of the 
period 1991 - 2001, the external cost represents 6% of the ‘remaining’ total cost. 
Two clouds of variants are noticed for the financial cost of the skeleton variants. The upper 
cloud represents the dwellings with outer walls consisting of larch planks as external finishing 
(identical to previous dwellings). The skeleton variants result in a higher life cycle financial 
cost than the solid variants (comparable to the dwelling in period 1945-1970). The 
investment cost of most of the skeleton variants is higher than that of the solid variants. 
Based on financial cost considerations, the condensing gas boiler is the most preferred. The 
same installation combined with a solar boiler leads to a higher investment (+5%) and life 
cycle cost) (+2%). The condensing pellet boiler (+ solar boiler) leads to a higher investment 
and life cycle cost than the gas boiler (+ solar boiler). The dwellings with the heat pump (+ 
solar boiler) require the highest investment and life cycle cost. 
 
Figure 13.27 Detached, 1991 – 2001: initial versus life cycle cost. 
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EXTERNAL COST 
The external costs are shown separately in Figure 13.28. A distinction (different symbol) is 
made between the dwellings with a different technical installation. The Pareto front is 
determined for the solid and skeleton variants separately. 
The skeleton variants lead to a higher investment and approximately identical life cycle cost 
compared to the solid variants. Consequently the Pareto fronts of the solid and skeleton 
variants are not interspersed. 
The solar boiler requires an extra external investment cost of 6% on average (+ 5,06 euro/m² 
floor area) and results in a slightly lower (3 to 4%) life cycle cost (- 8,34 euro/m² floor) than 
the dwellings without. The extra external investment for the heat pump compared to the gas 
boiler equals 3,44 euro/m² floor, which is on average 4% extra. The life cycle cost is on 
average 16% lower, with a minimum of 12% and a maximum of 21% compared to the 
condensing gas boiler. The pellet boiler requires an extra external investment of 
approximately 5% (3,89 euro/m² floor), but results on average in an increase in life cycle cost 
of 1%. However, for some options a decrease of 1% in life cycle cost is noticed. 
 
Figure 13.28 Detached, 1991 – 2001: initial versus life cycle external cost. 
The Pareto front of the solid variants is shown in Table 13.23, which equals the Pareto front 
of all options. The first Pareto optimum (highest life cycle external cost) consists of a non-
insulated floor on grade, outer wall type 8 (stucco on 14 cm EPS), a pitched roof without 
insulation, normal double glazing and a condensing gas boiler. This option corresponds to 
K73 and E103. Although its low external investment cost, it results in a high life cycle 
external cost. To reduce the life cycle external cost, the first priority is insulation in the 
pitched roof (8 cm rock wool), followed by floor insulation (10 cm) and thermally improved 
glazing. The next priorities are insulated window frames, a heat pump, triple glazing, 
increased insulation in the pitched roof (30 cm) and finally increased floor and outer wall 
insulation. A final step consists of increased pitched roof insulation (38 cm rock wool) but can 
be questioned since the extra external investment is high for a limited reduction in the life 
cycle cost. The sub-optimum (Pareto 35) consists of 21 cm PUR in the floor on grade, outer 
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wall type 9 (stucco on 20 cm EPS), pitched roof type 5 (30 cm rock wool) and triple glazing 
with a heat pump. This option equals K16 and E30. 
To reach this sub-optimum from the first Pareto option, several steps should be omitted 
because of their low reduction on the life cycle impact for a high increase in investment cost. 
It concerns Pareto 3 – 7, 10 – 13, 15 – 19, 22 – 23, 25 – 31 and 33 - 34 (italics in Table 
13.23). 
The first Pareto option requires an initial financial investment cost of 1.214 euro/m² floor and 
results in a life cycle financial cost of 3.978 euro/m² floor. To reach to option 35, an extra 
financial investment of 364 euro/m² floor (30%) is required and results in an increase in the 
life cycle financial cost of 9% (371 euro/m² floor). The life cycle external cost is reduced by 
38% (-105 euro/m² floor). 
Table 13.23 Detached, 1991 – 2001: Pareto options based on external cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh) 
 
Pareto 1 GRFL0 OW8 PR0 VAR1 gas,cond. 73 103 78,16 273,32  
Pareto 2 GRFL0 OW8 PR1 VAR1 gas,cond. 57 84 78,72 249,69  
Pareto 3 GRFL0 OW9 PR1 VAR1 gas,cond. 54 82 79,15 249,42  
Pareto 4 GRFL2 OW8 PR0 VAR2 gas,cond. 51 80 80,32 245,63  
Pareto 5 GRFL2 OW8 PR0 VAR3 gas,cond. 49 78 80,56 243,63  
Pareto 6 GRFL1 OW8 PR1 VAR2 gas,cond. 39 66 80,57 226,58  
Pareto 7 GRFL1 OW8 PR1 VAR3 gas,cond. 37 65 80,82 224,46  
Pareto 8 GRFL2 OW8 PR1 VAR2 gas,cond. 34 61 80,87 219,02 8.503 
Pareto 9 GRFL2 OW8 PR1 VAR3 gas,cond. 33 60 81,12 216,83 8.741 
Pareto 10 GRFL3 OW8 PR1 VAR2 gas,cond. 32 60 81,50 216,72 8.826 
Pareto 11 GRFL2 OW9 PR1 VAR3 gas,cond. 31 58 81,55 215,28 8.848 
Pareto 12 GRFL3 OW8 PR1 VAR3 gas,cond. 31 58 81,75 214,52 9.080 
Pareto 13 GRFL2 OW8 PR1 VAR4 gas,cond. 30 57 81,97 212,16 9.280 
Pareto 14 GRFL0 OW8 PR1 VAR1 heat pump 57 51 82,16 204,88  
Pareto 15 GRFL2 OW8 PR0 VAR2 heat pump 51 49 83,76 202,82  
Pareto 16 GRFL2 OW8 PR5 VAR3 gas,cond. 23 51 83,89 202,74 10.827
Pareto 17 GRFL2 OW8 PR0 VAR3 heat pump 49 48 84,00 201,52  
Pareto 18 GRFL1 OW8 PR1 VAR2 heat pump 39 41 84,01 190,03  
Pareto 19 GRFL1 OW8 PR1 VAR3 heat pump 37 40 84,26 188,63  
Pareto 20 GRFL2 OW8 PR1 VAR2 heat pump 34 38 84,31 184,99 8.503 
Pareto 21 GRFL2 OW8 PR1 VAR3 heat pump 33 37 84,56 183,55 8.741 
Pareto 22 GRFL2 OW9 PR1 VAR3 heat pump 31 36 84,99 182,80 8.848 
Pareto 23 GRFL3 OW8 PR1 VAR3 heat pump 31 36 85,19 182,24 9.080 
Pareto 24 GRFL2 OW8 PR1 VAR4 heat pump 30 35 85,41 180,45 9.280 
Pareto 25 GRFL2 OW9 PR1 VAR4 heat pump 28 34 85,84 179,64 9.398 
Pareto 26 GRFL3 OW8 PR1 VAR4 heat pump 28 34 86,05 179,11 9.657 
Pareto 27 GRFL3 OW9 PR1 VAR4 heat pump 26 33 86,48 178,20 9.792 
Pareto 28 GRFL2 OW8 PR5 VAR2 heat pump 24 33 87,09 176,35 10.484
Pareto 29 GRFL2 OW8 PR5 VAR3 heat pump 23 32 87,33 174,83 10.827
Pareto 30 GRFL2 OW9 PR5 VAR3 heat pump 21 31 87,76 173,75 11.001
Pareto 31 GRFL3 OW8 PR5 VAR3 heat pump 21 31 87,97 173,40 11.322
Pareto 32 GRFL2 OW8 PR5 VAR4 heat pump 20 31 88,04 171,48 11.616
Pareto 33 GRFL2 OW9 PR5 VAR4 heat pump 18 30 88,47 170,34 11.808
Pareto 34 GRFL3 OW8 PR5 VAR4 heat pump 18 31 88,67 170,02 12.175
Pareto 35 GRFL3 OW9 PR5 VAR4 heat pump 16 30 89,10 168,79 12.396
Pareto 36 GRFL3 OW9 PR7 VAR4 heat pump 15 29 90,14 168,65 12.710
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The first skeleton Pareto option based on external cost is characterised by a slightly lower K- 
and E-value to those for the solid variants (K71 and E100). The absolute optimum equals 
K14 and E30, which is respectively 1 point lower and higher than for the solid variants. 
Compared to the first skeleton Pareto option, a 38% reduction in the life cycle external cost is 
achieved (104 euro/m² floor). This requires an extra financial investment of 29% (378 
euro/m² floor) and results in a 9% increase in life cycle financial cost (372 euro/m² floor). 
The sub-optimum of the skeleton alternatives, as indicated on the graph in Figure 13.28, 
does not differ much from the absolute optimum. It leads to a reduction in the external life 
cycle cost of 37% (1% less than for the absolute optimum) compared to the first Pareto 
optimum, but the increase in financial investment cost is still high:  27% (+355 euro/m² floor), 
and the life cycle financial cost is still increased with 9% (+ 367 euro/m² floor). 
The skeleton variant with the highest life cycle external cost of all options analysed is 
characterised by K83 and E108. Compared to this option, a reduction in the life cycle 
external cost of 42% is achieved by the sub-optimum. This requires a higher financial 
investment (+13%), but leads to only a slightly higher life cycle financial cost of 2% (+81 
euro/m² floor). 
FINANCIAL AND TOTAL COST 
The Pareto optima based on financial cost differ substantially from the ones based on 
external cost (Table 13.24). The Pareto set starts with the same dwelling variant. The first 
priority is now floor insulation (10 cm), followed by thermally improved glazing and a further 
increase of the floor insulation (21 cm). Pitched roof insulation (8 cm) is the next step to be 
taken, or opting for another roof truss (closely placed rafters) with 14 cm and 18 cm rock 
wool. The outer wall should in a next step be changed to a cavity wall with a brick veneer 
with insulation up to 14 cm rock wool. Finally one should opt for increased wall insulation (20 
cm) and roof insulation (30 cm). These final steps however require a relatively high 
investment for a limited decrease in the life cycle cost. 
Table 13.24 Detached, 1991 – 2001: Pareto options based on financial cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover
(Kh) 
 
Pareto 1 GRFL0 OW8 PR0 VAR1 gas, cond. 73 103 1.214,20 3.978,19  
Pareto 2 GRFL2 OW8 PR0 VAR1 gas, cond. 59 87 1.221,81 3.925,36  
Pareto 3 GRFL2 OW8 PR0 VAR2 gas, cond. 51 80 1.223,72 3.907,86  
Pareto 4 GRFL3 OW8 PR0 VAR2 gas, cond. 49 78 1.226,69 3.891,94  
Pareto 5 GRFL2 OW8 PR1 VAR1 gas, cond. 42 69 1.240,70 3.878,14 8.903 
Pareto 6 GRFL2 OW8 PR1 VAR2 gas, cond. 34 61 1.242,61 3.857,89 8.503 
Pareto 7 GRFL3 OW8 PR1 VAR2 gas, cond. 32 60 1.245,58 3.841,37 8.826 
Pareto 8 GRFL3 OW8 PR9 VAR2 gas, cond. 29 57 1.255,08 3.836,62 9.456 
Pareto 9 GRFL3 OW8 PR10 VAR2 gas, cond. 27 55 1.257,76 3.828,81 9.971 
Pareto 10 GRFL3 OW8 PR11 VAR2 gas, cond. 25 53 1.260,51 3.825,95 10.268 
Pareto 11 GRFL3 OW8 PR5 VAR2 gas, cond. 22 51 1.270,79 3.824,91 10.951 
Pareto 12 GRFL2 OW1 PR1 VAR2 gas, cond. 38 65 1.273,31 3.821,14  
Pareto 13 GRFL3 OW1 PR1 VAR2 gas, cond. 36 63 1.276,28 3.804,71 8.170 
Pareto 14 GRFL3 OW2 PR1 VAR2 gas, cond. 32 59 1.281,46 3.796,08 8.610 
Pareto 15 GRFL3 OW3 PR1 VAR2 gas, cond. 30 57 1.286,27 3.796,01 8.707 
Pareto 16 GRFL3 OW1 PR10 VAR2 gas, cond. 30 58 1.288,46 3.792,48 9.167 
Pareto 17 GRFL3 OW2 PR9 VAR2 gas, cond. 28 56 1.290,95 3.790,94 9.219 
Pareto 18 GRFL3 OW1 PR11 VAR2 gas, cond. 29 57 1.291,21 3.789,69 9.423 
Pareto 19 GRFL3 OW2 PR10 VAR2 gas, cond. 26 54 1.293,62 3.782,83 9.716 
Pareto 20 GRFL3 OW2 PR11 VAR2 gas, cond. 25 52 1.296,37 3.779,82 10.002 
Pareto 21 GRFL3 OW3 PR11 VAR2 gas, cond. 23 50 1.301,17 3.778,87 10.139 
Pareto 22 GRFL3 OW2 PR5 VAR2 gas, cond. 22 50 1.306,64 3.778,43 10.660 
Pareto 23 GRFL3 OW3 PR5 VAR2 gas, cond. 20 48 1.311,43 3.777,13 10.817 
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The absolute optima based on financial and external cost do not coincide, neither do the sub-
optima. The financial sub-optimum (Pareto 19) corresponds to a dwelling consisting of a floor 
on grade with the highest foreseen insulation level, outer wall 2 (cavity wall, 14 cm rock wool 
with a brick veneer), pitched roof 10 (closely placed rafters with 14 cm rock wool), thermally 
improved glazing (with standard window frame) and a condensing gas boiler. This 
corresponds to K26 and E54. 
The absolute optimum is characterised by K20 and E48. It differs in outer wall type (OW3, 
(cavity wall with 20 cm rock wool and a brick veneer) and pitched roof type (PR5, purlins and 
rafters with 30 cm rock wool). The life cycle external cost of this option equals 201 euro/m² 
floor area, while the life cycle external cost of the financial sub-optimum equals 209 euro/m² 
floor, which is 4% higher. 
For the skeleton variants, the Pareto option with the lowest life cycle financial cost consists of 
floor on grade type 3 (21 cm PUR), outer wall 18b (FJI + 30 cm cellulose and a brick veneer), 
pitched roof 5 (rafters and purlins + 30 cm rock wool) and thermally improved glazing. This 
dwelling has a K-value of 20 and E49. The skeleton financial cost sub-optimum is 
characterised by K30 and E58. 
A similar analysis is executed for the total cost. 23 Pareto optima are identified (Table 13.25). 
Table 13.25 Detached, 1991 – 2001: Pareto options based on total cost for the solid alternatives. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
IT (€/m² 
floor) 
LT (€/m² 
floor) 
Iover 
(Kh) 
 
Pareto 1 GRFL0 OW8 PR0 VAR1 gas, cond. 73 103 1.292,36 4.251,51  
Pareto 2 GRFL2 OW8 PR0 VAR1 gas, cond. 59 87 1.302,20 4.179,60  
Pareto 3 GRFL2 OW8 PR0 VAR2 gas, cond. 51 80 1.304,03 4.153,49  
Pareto 4 GRFL3 OW8 PR0 VAR2 gas, cond. 49 78 1.307,64 4.135,52  
Pareto 5 GRFL2 OW8 PR1 VAR1 gas, cond. 42 69 1.321,64 4.106,90 8.903 
Pareto 6 GRFL2 OW8 PR1 VAR2 gas, cond. 34 61 1.323,48 4.076,91 8.503 
Pareto 7 GRFL3 OW8 PR1 VAR2 gas, cond. 32 60 1.327,08 4.058,09 8.826 
Pareto 8 GRFL2 OW8 PR10 VAR2 gas, cond. 28 56 1.338,21 4.056,34 9.573 
Pareto 9 GRFL3 OW8 PR9 VAR2 gas, cond. 29 57 1.338,66 4.048,75 9.456 
Pareto 10 GRFL3 OW8 PR10 VAR2 gas, cond. 27 55 1.341,81 4.037,22 9.971 
Pareto 11 GRFL3 OW8 PR11 VAR2 gas, cond. 25 53 1.345,05 4.032,59 10.268
Pareto 12 GRFL3 OW8 PR5 VAR2 gas, cond. 22 51 1.355,06 4.027,50 10.951
Pareto 13 GRFL3 OW1 PR1 VAR2 gas, cond. 36 63 1.359,81 4.026,96 8.170 
Pareto 14 GRFL3 OW2 PR1 VAR2 gas, cond. 32 59 1.366,01 4.013,36 8.610 
Pareto 15 GRFL3 OW3 PR1 VAR2 gas, cond. 30 57 1.371,72 4.011,78 8.707 
Pareto 16 GRFL3 OW1 PR10 VAR2 gas, cond. 30 58 1.374,54 4.006,56 9.167 
Pareto 17 GRFL3 OW2 PR9 VAR2 gas, cond. 28 56 1.377,59 4.003,46 9.219 
Pareto 18 GRFL3 OW1 PR11 VAR2 gas, cond. 29 57 1.377,78 4.002,03 9.423 
Pareto 19 GRFL3 OW2 PR10 VAR2 gas, cond. 26 54 1.380,73 3.991,53 9.716 
Pareto 20 GRFL3 OW2 PR11 VAR2 gas, cond. 25 52 1.383,97 3.986,68 10.002
Pareto 21 GRFL3 OW3 PR11 VAR2 gas, cond. 23 50 1.389,66 3.983,87 10.139
Pareto 22 GRFL3 OW2 PR5 VAR2 gas, cond. 22 50 1.393,97 3.981,11 10.660
Pareto 23 GRFL3 OW3 PR5 VAR2 gas, cond. 20 48 1.399,65 3.977,82 10.817
These correspond to a large extent with the optima based on financial cost. However, 
differences are noticed which indicates that inclusion of the external costs would influence 
the decisions. Both the sub- and absolute optima based on total cost correspond to the ones 
based on financial cost.  
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ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
Based on initial financial cost versus life cycle external cost, the actions in order of priority for 
the solid variants are floor insulation (10 cm), thermally improved glazing, pitched roof 
insulation (8 cm rock wool), increased floor insulation (21 cm), opting for another roof type 
(closely placed rafters (PR10, PR11) and increased roof insulation (PR5 and PR7), triple 
glazing, opting for a solar boiler and finally increased outer wall insulation (OW9, stucco on 
20 cm EPS). This results in the sub-optimum. A further reduction in the life cycle external 
cost can be achieved by opting for another heating installation (heat pump). This final step 
requires a high extra financial investment for a relatively low reduction in the life cycle 
external cost and can therefore be questioned (Figure 13.29).  
For the skeleton alternatives actions in order of priority are floor on grade insulation (0 – 3 – 
10), pitched roof insulation (type 0 => 2, 9, 10 and 11), opting for another roof type (purlins 
and rafters (PR6)) and window improvement (thermally improved and triple glazing). This 
leads to the skeleton sub-optimum. A further reduction in the life cycle external cost can be 
achieved by increasing the floor insulation (21 cm PUR), increasing the outer wall insulation 
(type 17 => 18, 19 and 20) and opting for another heating installation (solar boiler as a first 
step, heat pump as a second step). However, also for the skeleton variants, these final steps 
require a high extra financial investment for a relatively low reduction in the life cycle external 
cost and can therefore be questioned (Figure 13.29). 
 
Figure 13.29 Detached, 1991-2001: initial financial versus life cycle external cost. 
In Table 13.26 the first Pareto optimum, the sub-optimum and absolute optimum are 
summarised for both the solid and skeleton variants. The sub-optimum for the solid variants 
corresponds to K15 and E39, while the sub-optimum for the skeleton variants equals K14 
and E40. 
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Table 13.26 Detached 1991-2001: first Pareto optimum (lowest IF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
pitched 
roof 
win-
dow services K E 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
Pareto solid 1 GRFL0 OW8 PR0 VAR1 gas, cond. 73 103 1.214,20 273,32  
Pareto solid 42 GRFL3 OW9 PR7 VAR4 solar boiler 15 39 1.376,70 183,95 12.710
Pareto solid 62 GRFL3 OW9 PR7 VAR4 heat pump 15 29 1.585,77 168,65 12.710
Pareto skeleton 1 GRFL0 OW17 PR0 VAR1 gas, cond. 71 101 1.283,96 272,86  
Pareto skeleton 51 GRFL3 OW20b PR7 VAR4 solar boiler 14 40 1.490,67 185,25 14.163
Pareto skeleton 75 GRFL3 OW20b PR7 VAR4 heat pump 14 30 1.699,74 170,63 14.163
The analysis based on life cycle financial versus life cycle external cost reveals that a 
different choice is made than that based on the previous criteria. The Pareto optima are 
summarised in Table 13.27 (first optimum, sub-optimum and absolute optimum). The solid 
sub-optimum equals K16 and E29, while the skeleton sub-optimum equals K15 and E30. 
 
Figure 13.30 Detached, 1991-2001: life cycle financial versus life cycle external cost. 
Table 13.27 Detached 1991-2001: first Pareto optimum (lowest LF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
pitched 
roof 
win-
dow services K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto solid 1 GRFL3 OW3 PR5 VAR2 gas, cond. 20 48 3.777,13 200,68 10.817 
Pareto solid 12 GRFL3 OW3 PR5 VAR4 heat pump 16 29 4.297,35 169,08 12.000 
Pareto solid 15 GRFL3 OW9 PR7 VAR4 heat pump 15 29 4.352,07 168,65 12.710 
Pareto skeleton 1 GRFL3 OW18b PR5 VAR2 gas, cond. 20 49 3.803,30 202,21 11.721 
Pareto skeleton 30 GRFL3 OW19b PR5 VAR4 heat pump 15 30 4.325,23 170,79 13.488 
Pareto skeleton 33 GRFL3 OW20b PR7 VAR4 heat pump 14 30 4.330,14 170,63 14.163 
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CONTRIBUTION PHASES 
In Figure 13.31 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
for the previous dwellings. For the existing dwelling, an initial cost is considered at the 
current prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to more recent dwellings. 
The same conclusions are valid. The optimisation potential from an environmental point of 
view is mainly the reduction in the energy use, while from a financial point of view the focus 
should be on the optimisation of cleaning, maintenance and replacement costs. 
A more detailed analysis of the external cost is presented in Figure 13.32 and Figure 13.33 
analogous to the treatment of the previous dwellings.  
 
Figure 13.31 Detached, 1991-2001: financial and external costs for the different phases and 
processes for a selection of variants. 
 
Figure 13.32 Detached, 1991-2001: external costs for the different phases and processes for a 
selection of variants. 
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For the optima the heating cost is reduced to such an extent that it becomes less important 
than the initial cost. The life cycle external cost of the third extra sub-optimal variant (last on 
graph in Figure 13.32), is 18% lower than of the earlier defined sub-optimum (6th on the 
graph in Figure 13.32). The net energy demand equals 35 kWh/m2, year which is higher than 
the maximum allowed for the passive standard (15 kWh/m2, year). 
Figure 13.33 reveals that for the dwellings of the last decennia, the heating cost represents 
71% of the life cycle cost while the construction of the dwelling is responsible for 23%. The 
construction cost gains importance for the variants with reduced life cycle costs to 44% for 
the solid sub-optimum and to 47% (!) for the extra optimal variant with improved air-tightness. 
The initial environmental cost thus contributes more to the life cycle environmental cost than 
the heating environmental cost. 
 
Figure 13.33 Detached, 1991-2001: proportional distribution of the external costs for the different 
phases and processes for a selection of variants.7 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements to the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.34. The elements contributing most to the life cycle external cost are 
the services, the floor on grade, the outer walls, the pitched roof and the floors. These 
elements represent about 81% of the external cost. The elements contributing most to the life 
cycle financial cost are the services, the floor on grade, the outer walls, the non-bearing inner 
walls, the intermediate floor and the pitched roof. The elements which are not mentioned 
represent less than 10% of the life cycle cost. 
 
Figure 13.34 Detached, 1991-2001: contribution of the different elements to the life cycle financial 
and external cost (excluding heating) for the third extra environmental optimum. 
                                                 
7 The EOL E  is deducted from the IE. 
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SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.28. For a reduced life span of 30 years the optimal K and E values are higher for all costs. 
For a prolonged life span (120 years) the optimal values are approximately identical based 
on the environmental cost optimisation, but lower based on the financial and total cost 
optimisation. The first Pareto option is identical for all scenarios. 
Table 13.28 Detached, 1991 – 2001: summary of the K and E values of the optima (IE/LE, IF/LF 
and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings. 
  
optima
first K73 E103 K73 E103 K73 E103 K73 E103 K73 E103 K73 E103 K73 E103 K73 E103 K73 E103
sub K33 E37 K32 E60 K32 E60 K16 E30 K26 E54 K26 E54 K16 E30 K25 E52 K20 E48
absolute K16 E30 K32 E60 K25 E53 K15 E29 K20 E48 K20 E48 K15 E29 K19 E47 K15 E44
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.03 Semi-detached houses 
13.03.01 Semi-detached dwelling, type 1 (before 1945) 
The selected dwelling consists only of a pitched roof (no flat roof) which limits the number of 
variants to 3.360 variants (1.344 solid + 2.016 skeleton). Six technical installations for space 
heating, domestic hot water and ventilation are analysed: 
- TI1: Condensing gas boiler, coupled instant hot water production, ventilation system C 
- TI2: Condensing gas boiler, coupled instant hot water production, ventilation system C+ 
- TI3: Condensing gas boiler, solar boiler, ventilation system C 
- TI4: Condensing gas boiler, solar boiler, ventilation system C+ 
- TI5: Ground/water heat pump, solar boiler, ventilation system C+ 
- TI6: Condensing pellet boiler, solar boiler, ventilation system C+ 
This results in 20.160 variants. Sensitivity analysis of the life span (30 – 60 – 120) leads to a 
total of 60.480 simulations. 
The external and financial costs of all variants are plotted on a single graph in Figure 13.35. 
The total costs are omitted to improve tangibility. The results reveal that the external cost on 
average represents 4% of the total cost, with a minimum of 3% and a maximum of 7%. The 
total cost is thus mainly determined by the financial cost. For the dwelling representative of 
the period before 1945, the external cost of the ‘remaining’ cost represents 12% of the total 
cost. Two clouds of variants are noticed for the financial cost of the skeleton variants. The 
dwellings with a higher life cycle cost prove to be the ones with outer walls with larch planks 
as external finishing. These induce higher cleaning and maintenance costs compared to a 
brick veneer. 
 
Figure 13.35 Semi-detached, before 1945: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.36. A differentiation (different symbol) 
is made between the six technical installations. The Pareto front is determined for the solid 
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and skeleton variants separately. The ‘remaining’ cost for the reference for the period ‘before 
1945’ is not indicated since its life cycle external cost is much higher and would make the 
graph intangible. However, this cost is plotted on the graph in Figure 13.35. 
The skeleton variants lead to a higher initial external than, but approximately identical life 
cycle external cost to the solid variants. This is in contrast to the financial cost; both initial 
and life cycle financial cost of the skeleton variants are higher than of the solid variants 
(Figure 13.35). 
 
Figure 13.36 Semi-detached, before 1945: initial versus life cycle external cost. 
A comparison of the technical installations reveals that the reduction in the life cycle external 
cost of ventilation system C+ compensates for the extra investment cost. It therefore occurs 
on the Pareto fronts. The condensing gas boiler without solar boiler is identified on the first 
part of the Pareto front and thus leads to the lowest life cycle external cost for the lowest 
investment cost. The condensing gas boiler combined with a solar boiler leads to a higher 
initial and life cycle cost. The energy savings are thus not sufficient to compensate for the 
necessary extra external investment. The combination of a heat pump with solar boiler 
however does appear on the lower end of the Pareto front and therefore seems justified for 
well insulated dwellings (for this dwelling from K31 onwards). Despite the environmental 
justification of the heat pump, it requires a high extra financial investment cost which is not 
compensated by the reduced financial heating cost (Figure 13.35). 
The three systems with solar boiler are compared separately in Figure 13.37. The external 
investment cost of the gas boiler proves to be higher than the investment cost of the heat 
pump and pellet boiler. The life cycle cost of the gas boiler is higher than of the heat pump 
but lower than that of the pellet boiler. Consequently, for this dwelling, the heat pump is the 
most preferred, followed by the condensing gas boiler. 
The Pareto front of the solid variants is shown in detail in Table 13.29. The first Pareto 
optimum (option with the lowest IE) consists of a non-insulated floor on grade, outer wall 
OW8 (stucco on 14 cm EPS), a non-insulated pitched roof PR0, standard double glazing and 
a condensing gas boiler with ventilation system C. This option corresponds to K54 and E87. 
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Figure 13.37 Semi-detached, before 1945: initial versus life cycle external cost of the dwellings 
with different technical installations with solar boiler. 
The priorities from an environmental point of view are pitched roof insulation (8 cm rock 
wool), opting for ventilation system C+, thermally improved glazing and insulated window 
frames together with floor insulation (10 cm PUR), triple glazing, increased wall insulation (20 
cm EPS), increased floor insulation, increased roof insulation (30 cm rock wool) and opting 
for a heat pump. Some intermediate steps are identified on the Pareto set (italics) but are not 
considered as priorities since these require a high extra investment for a relatively low 
reduction in the life cycle cost.  
The above measures lead to the sub-optimum (Pareto 50). A further reduction in the external 
cost is possible by increasing the roof insulation to 38 cm, but requires a high extra external 
investment. 
The first Pareto option (lowest IE) requires an initial financial investment cost of 1.249 
euro/m² floor and results in a financial life cycle cost of 4.027 euro/m² floor. The absolute 
optimum for the solid variants equals K14 and E22. This improvement leads to a reduction in 
the life cycle external cost of 38%. It requires an extra financial investment of 502 euro/m² 
floor (+ 40%) and leads to an increase in the life cycle financial cost (+15%).  
The reduction in the life cycle external cost in order to optimise from Pareto 1 to Pareto 50 
(sub-optimum) also equals 38%. The required financial investment is a little lower than for 
the absolute optimum and the life cycle financial cost approximately identical. 
The option with the highest life cycle external cost of all analysed options equals K105 and 
E142. In comparison to this dwelling, the sub-optimum (Pareto 50) leads to a reduction of 
50% in the LE and to an increase of 12% in the LF. Compared to the dwelling representative 
of the period before 1945, the LE of the sub-optimum is less than one fourth of the 
‘remaining’ cost, while the LF has increased by 24%. 
Compared to common practice to date for heavy structure (reference solid alternative), a 
35% reduction in the life cycle external costs is achieved by the sub-optimum, while the life 
cycle financial cost is increased by 13%. The life cycle total cost is increased by 10%. 
SUSTAINABLE BUILDING | KAREN ALLACKER 
P a g e  | 306  PART B | 13 Dwelling analysis 
Table 13.29 Semi-detached before 1945: Pareto options based on external cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto 1 GRFL0 OW8 PR0 VAR1 TI1 54 87 79,42 242,43  
Pareto 2 GRFL0 OW8 PR1 VAR1 TI1 43 75 79,89 226,21  
Pareto 3 GRFL0 OW8 PR1 VAR1 TI2 43 67 80,35 209,60  
Pareto 4 GRFL0 OW9 PR1 VAR1 TI2 40 65 80,85 207,77  
Pareto 5 GRFL2 OW8 PR1 VAR2 TI1 28 60 81,06 205,01  
Pareto 6 GRFL2 OW8 PR1 VAR3 TI1 27 59 81,19 203,79  
Pareto 7 GRFL3 OW8 PR1 VAR2 TI1 26 58 81,51 203,37  
Pareto 8 GRFL2 OW8 PR1 VAR2 TI2 28 52 81,52 187,52  
Pareto 9 GRFL2 OW8 PR1 VAR3 TI2 27 52 81,65 186,26  
Pareto 10 GRFL3 OW8 PR1 VAR2 TI2 26 51 81,97 185,81  
Pareto 11 GRFL2 OW9 PR1 VAR2 TI2 25 49 82,01 184,65  
Pareto 12 GRFL2 OW8 PR1 VAR4 TI2 25 50 82,03 183,94  
Pareto 13 GRFL2 OW9 PR1 VAR3 TI2 24 49 82,14 183,36  
Pareto 14 GRFL3 OW9 PR1 VAR2 TI2 23 48 82,47 182,82  
Pareto 15 GRFL3 OW8 PR1 VAR4 TI2 24 49 82,49 182,20  
Pareto 16 GRFL2 OW9 PR1 VAR4 TI2 23 47 82,53 180,99  
Pareto 17 GRFL3 OW9 PR1 VAR4 TI2 21 46 82,98 179,13  
Pareto 18 GRFL2 OW8 PR5 VAR2 TI2 21 46 83,31 178,07  
Pareto 19 GRFL2 OW8 PR5 VAR3 TI2 20 45 83,44 176,75  
Pareto 20 GRFL3 OW8 PR5 VAR2 TI2 20 44 83,77 176,27  
Pareto 21 GRFL2 OW9 PR5 VAR2 TI2 18 43 83,80 174,62  
Pareto 22 GRFL2 OW8 PR5 VAR4 TI2 19 43 83,82 174,35  
Pareto 23 GRFL2 OW9 PR5 VAR3 TI2 17 42 83,94 173,28  
Pareto 24 GRFL3 OW9 PR5 VAR2 TI2 17 41 84,26 172,70 8.023 
Pareto 25 GRFL3 OW8 PR5 VAR4 TI2 17 42 84,28 172,53 8.147 
Pareto 26 GRFL2 OW9 PR5 VAR4 TI2 16 41 84,32 170,82 8.194 
Pareto 27 GRFL3 OW9 PR5 VAR4 TI2 15 39 84,77 168,87 8.490 
Pareto 28 GRFL3 OW9 PR7 VAR4 TI2 14 39 85,44 168,37 8.636 
Pareto 29 GRFL1 OW8 PR1 VAR2 TI5 31 32 86,67 164,55  
Pareto 30 GRFL1 OW8 PR1 VAR3 TI5 30 31 86,80 163,74  
Pareto 31 GRFL2 OW8 PR1 VAR2 TI5 28 30 86,90 160,82  
Pareto 32 GRFL2 OW8 PR1 VAR3 TI5 27 29 87,03 159,99  
Pareto 33 GRFL3 OW8 PR1 VAR2 TI5 26 29 87,35 159,84  
Pareto 34 GRFL2 OW9 PR1 VAR2 TI5 25 28 87,39 159,23  
Pareto 35 GRFL2 OW8 PR1 VAR4 TI5 25 28 87,41 158,46  
Pareto 36 GRFL2 OW9 PR1 VAR3 TI5 24 27 87,52 158,38  
Pareto 37 GRFL3 OW9 PR1 VAR2 TI5 23 27 87,85 158,18  
Pareto 38 GRFL3 OW8 PR1 VAR4 TI5 24 27 87,87 157,46  
Pareto 39 GRFL2 OW9 PR1 VAR4 TI5 23 26 87,90 156,81  
Pareto 40 GRFL3 OW9 PR1 VAR4 TI5 21 26 88,36 155,74  
Pareto 41 GRFL2 OW8 PR5 VAR2 TI5 21 25 88,69 155,00  
Pareto 42 GRFL2 OW8 PR5 VAR3 TI5 20 25 88,82 154,13  
Pareto 43 GRFL3 OW8 PR5 VAR2 TI5 20 25 89,15 153,96  
Pareto 44 GRFL2 OW9 PR5 VAR2 TI5 18 24 89,18 153,03  
Pareto 45 GRFL2 OW8 PR5 VAR4 TI5 19 24 89,20 152,53  
Pareto 46 GRFL2 OW9 PR5 VAR3 TI5 17 23 89,31 152,14  
Pareto 47 GRFL3 OW9 PR5 VAR2 TI5 17 23 89,64 151,91 8.023 
Pareto 48 GRFL3 OW8 PR5 VAR4 TI5 17 23 89,66 151,47 8.147 
Pareto 49 GRFL2 OW9 PR5 VAR4 TI5 16 23 89,70 150,51 8.194 
Pareto 50 GRFL3 OW9 PR5 VAR4 TI5 15 22 89,92 149,27 8.490 
Pareto 51 GRFL3 OW9 PR7 VAR4 TI5 14 22 90,59 149,15 8.636 
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An identical analysis of the skeleton variants reveals that the first Pareto option (lowest IE) is 
characterised by K51 and E83, which are slightly lower than for the solid variants. The 
absolute optimum based on external cost is characterised by K12 and E21, which are 
respectively two and one points lower than for the corresponding solid alternative. The sub-
optimum equals K15 and E22, which is identical to the corresponding solid variant. 
The first Pareto optimum, the sub-optimum and the absolute optimum are summarised in 
Table 13.30. A 37% reduction in the LE is achieved by the sub-optimum compared to the first 
Pareto option. This option however requires an extra financial investment of 40% (531 
euro/m² floor), but leads to a decrease in the life cycle financial cost of 5%. 
The option with the highest life cycle external cost of all analysed skeleton options equals 
K63 and E97, which is lower than the corresponding solid variant. This can be explained by 
the fact that skeleton variants are foreseen of insulation between the skeleton for acoustical 
reasons which is not the case for the solid variant. Compared to this option, a 41% reduction 
in the life cycle external cost is achieved by the sub-optimum, while the life cycle financial 
cost has increased by 14%. Compared to the dwelling representative of the period before 
1945, the LE of the sub-optimum is less than one fourth of the ‘remaining’ cost, while the LF 
has increased by 25%. 
Compared to common practice to date for skeleton structures (reference skeleton), a 36% 
reduction in the life cycle external costs is achieved by the skeleton sub-optimum, while the 
life cycle financial cost has increased by 12%. The life cycle total cost has increased by 10%. 
Table 13.30 Semi-detached before 1945: first Pareto optimum (lowest IE), sub-optimum and 
absolute optimum for the skeleton variants based on external cost. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto 1 GRFL0 OW17 PR0 VAR1 TI1 51 83 87,95 239,50  
Pareto 47 GRFL3 OW17b PR5 VAR4 TI5 15 22 97,46 150,33 8.515
Pareto 54 GRFL3 OW20b PR7 VAR4 TI5 12 21 100,83 148,27 9.738
FINANCIAL AND TOTAL COST 
The Pareto set based on financial cost differs substantially from the one based on external 
cost (Table 13.31) and therefore decisions based on financial and external cost differ. The 
absolute optimum based on financial cost consists of a floor on grade with the highest 
foreseen insulation level, outer wall OW3 (cavity wall, 20 cm rock wool with a brick veneer), 
pitched roof PR5 (30 cm rock wool), thermally improved glazing and technical installation TI2 
(condensing gas boiler with ventilation system C+). This dwelling corresponds to K26 and 
E58. However, Pareto 24 can be defined as sub-optimum, differing in type of pitched roof 
(closely placed rafters with 14 cm rock wool) and technical installation (condensing gas boiler 
with ventilation system C). As indicated in the table (italics) some of the optimisation steps 
are not of interest and should be omitted (if there is no budget restriction). 
A similar analysis is executed for the total cost and reveals to be in line with the financial cost 
to a great extent. However, differences are noticed, meaning that inclusion of the external 
cost in the total cost would influence the decisions. The first Pareto option, the sub-optimum 
and the absolute optimum are summarised in Table 13.32 for both the solid and skeleton 
variants.  
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Table 13.31 Semi-detached before 1945: Pareto options based on financial cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Pareto 1 GRFL0 OW8 PR0 VAR1 TI1 54 87 1249,28 4027,18 
Pareto 2 GRFL0 OW8 PR0 VAR2 TI1 50 84 1254,81 4023,52 
Pareto 3 GRFL1 OW8 PR0 VAR1 TI1 46 79 1256,26 4003,80 
Pareto 4 GRFL2 OW8 PR0 VAR1 TI1 43 75 1256,47 3985,04 
Pareto 5 GRFL3 OW8 PR0 VAR2 TI1 38 70 1257,11 3960,07 
Pareto 6 GRFL2 OW8 PR1 VAR1 TI1 31 63 1267,29 3950,36 
Pareto 7 GRFL2 OW8 PR1 VAR2 TI1 28 60 1268,08 3939,73 
Pareto 8 GRFL3 OW8 PR1 VAR1 TI1 30 61 1268,96 3938,10 
Pareto 9 GRFL3 OW8 PR1 VAR2 TI1 26 58 1269,76 3927,37 
Pareto 10 GRFL3 OW8 PR9 VAR2 TI1 24 56 1275,87 3925,15 
Pareto 11 GRFL3 OW8 PR10 VAR2 TI1 23 54 1277,54 3919,83 
Pareto 12 GRFL3 OW8 PR11 VAR2 TI1 22 53 1279,28 3917,85 
Pareto 13 GRFL3 OW8 PR5 VAR2 TI1 20 51 1285,82 3916,45 
Pareto 14 GRFL3 OW2 PR0 VAR2 TI1 37 69 1300,66 3913,20 
Pareto 15 GRFL2 OW1 PR1 VAR1 TI1 37 69 1303,25 3912,82 
Pareto 16 GRFL2 OW1 PR1 VAR2 TI1 33 65 1304,05 3902,59 
Pareto 17 GRFL3 OW1 PR1 VAR1 TI1 36 67 1304,93 3900,66 
Pareto 18 GRFL3 OW1 PR1 VAR2 TI1 32 64 1305,73 3890,33 
Pareto 19 GRFL2 OW2 PR1 VAR2 TI1 27 59 1309,73 3887,79 
Pareto 20 GRFL3 OW2 PR1 VAR1 TI1 29 61 1310,60 3886,04 
Pareto 21 GRFL3 OW2 PR1 VAR2 TI1 26 57 1311,40 3875,14 
Pareto 22 GRFL3 OW3 PR1 VAR2 TI1 23 54 1316,85 3872,84 
Pareto 23 GRFL3 OW2 PR9 VAR2 TI1 24 55 1317,50 3872,51 
Pareto 24 GRFL3 OW2 PR10 VAR2 TI1 22 53 1319,16 3866,84 
Pareto 25 GRFL3 OW2 PR11 VAR2 TI1 21 53 1320,89 3864,67 
Pareto 26 GRFL3 OW3 PR10 VAR2 TI1 19 51 1324,59 3863,81 
Pareto 27 GRFL3 OW3 PR11 VAR2 TI1 19 50 1326,32 3861,45 
Pareto 28 GRFL3 OW3 PR5 VAR2 TI1 17 47 1332,84 3859,19 
Pareto 29 GRFL3 OW3 PR11 VAR2 TI2 19 43 1351,61 3856,82 
Pareto 30 GRFL3 OW3 PR5 VAR2 TI2 17 41 1358,12 3854,16 
Table 13.32 Semi-detached before 1945: first Pareto optimum (lowest IT), sub-optimum and 
absolute optimum for the solid and skeleton variants based on total cost. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
IT (€/m² 
floor) 
LT (€/m² 
floor) 
Iover
(Kh) 
 
Pareto solid 1 GRFL0 OW8 PR0 VAR1 TI1 54 87 1.328,70 4.269,61  
Pareto solid 32 GRFL3 OW3 PR11 VAR2 TI2 19 43 1.440,12 4.033,17  
Pareto solid 33 GRFL3 OW3 PR5 VAR2 TI2 17 41 1.446,46 4.027,16  
Pareto skeleton 1 GRFL0 OW17 PR0 VAR1 TI1 51 83 1.412,56 5.133,43  
Pareto skeleton 33 GRFL3 OW18b PR11 VAR2 T2 18 42 1.519,93 4.117,12 8.021
Pareto skeleton 35 GRFL3 OW19b PR5 VAR2 TI2 15 40 1.533,68 4.112,00 8.748
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
The optimisation based on initial financial versus life cycle external cost results in two 
interspersing Pareto fronts. However, the interspersions take place in the horizontal decline 
of the solid Pareto front, which means the skeleton Pareto optima are of less interest (Figure 
13.38). 
Actions in order of priority for the solid alternatives are thermally improved glazing, floor 
insulation (21 cm), pitched roof insulation (0 to 8 cm rock wool), opting for another pitched 
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roof type (PR1 => PR10, PR11) and increasing the roof insulation by opting for rafters and 
purlins with 30 cm rock wool, opting for ventilation system C+, increasing the outer wall 
insulation (20 cm EPS), triple glazing and adding a solar boiler. This leads to the sub-
optimum, summarised in Table 13.33 (Pareto 56). This option corresponds to K15 and E30. 
Further reduction in the life cycle external cost can be achieved by increasing the roof 
insulation to 38 cm and opting for a heat pump. However, these measures require a high 
financial investment cost for a relatively small reduction in the life cycle external cost. 
For the skeleton alternatives priorities are more or less identical. However, outer wall 
insulation is improved after the choice for thermally improved glazing and floor insulation. 
The sub-optimum is characterised by K14 and E29, while the absolute optimum corresponds 
to K12 and E21. 
 
Figure 13.38 Semi-detached, before 1945: initial financial versus life cycle external cost. 
Table 13.33 Semi-detached, before 1945: first Pareto optimum (lowest IF), sub-optimum and 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost.  
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto solid 1 GRFL0 OW8 PR0 VAR1 TI1 54 87 1.249,28 242,43  
Pareto solid 56 GRFL3 OW9 PR5 VAR4 TI2 15 30 1.427,52 159,59 8.490 
Pareto solid 75 GRFL3 OW9 PR7 VAR4 TI5 14 22 1.750,97 149,15 8.636 
Pareto skeleton 1 GRFL0 OW17 PR0 VAR1 TI1 51 83 1.324,61 239,50  
Pareto skeleton 59 GRFL3 OW18 PR5 VAR4 TI2 14 29 1.498,14 159,13 8.870 
Pareto skeleton 86 GRFL3 OW20b PR7 VAR4 TI5 12 21 1.877,76 148,27 9.738 
Other decisions are taken based on the analysis of the financial life cycle cost versus the 
external life cycle cost (Figure 13.39). The Pareto optima are summarised in Table 13.34. 
The solid sub-optimum corresponds to K14 and E29, while the skeleton sub-optimum (Pareto 
skeleton 19) is characterised by K12 and E28. This differs from the optima based on financial 
investment versus life cycle external cost. 
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For the solid variants the Pareto options differ in type of glazing (VAR2 and VAR4), outer wall 
type (OW3, OW9), pitched roof (PR5, PR7), and condensing gas boiler with or without solar 
boiler. The last five options (beyond the sub-optimum) are provided with a heat pump. The 
dwellings all consist of a floor on grade with 21 cm PUR and ventilation system C+. 
For the skeleton variants, the type of glazing (VAR2, VAR4), the outer walls (OW18b, 
OW19b, OW20b), the pitched roof (PR5 and PR7) and the technical installation (condensing 
gas boiler, + solar boiler, heat pump) vary. The dwellings all consist of a floor on grade with 
21 cm PUR and ventilation system C+. 
 
Figure 13.39 Semi-detached, before 1945: life cycle financial versus life cycle external cost. 
Table 13.34 Semi-detached before 1945: first Pareto optimum (lowest LF), the sub-optimum and 
the absolute optimum for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
Pareto solid 1 GRFL3 OW3 PR5 VAR2 TI2 17 41 3854,16 173,00  
Pareto solid 8 GRFL3 OW3 PR7 VAR4 TI4 14 29 3978,45 159,29 8366
Pareto solid 14 GRFL3 OW9 PR7 VAR4 TI5 14 22 4632,06 149,15 8636
Pareto skeleton 1 GRFL3 OW18b PR5 VAR2 TI2 16 41 3940,25 171,98  
Pareto skeleton 19 GRFL3 OW20b PR5 VAR4 TI4 12 28 4065,81 157,34 9566
Pareto skeleton 28 GRFL3 OW20b PR7 VAR4 TI5 12 21 4658,81 148,27 9738
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CONTRIBUTION PHASES 
In Figure 13.40 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
the previous dwellings. For the existing dwelling, an initial cost is considered at the current 
prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to more recent dwellings. 
The importance of the financial cost in the total cost is confirmed from this graph. 
Furthermore, the difference between the financial and external costs becomes clear. For the 
financial cost the periodic costs are the most important, followed by the investment cost, 
while the heating cost is most important from an environmental point of view. The 
optimisation potential from an environmental point of view is therefore mainly the reduction in 
the energy use, while from a financial point of view the focus should be on the optimisation of 
cleaning, maintenance and replacement costs. 
 
Figure 13.40 Semi-detached, before 1945: financial and external costs for the different phases 
and processes for a selection of variants. 
A more detailed analysis of the external cost is presented in Figure 13.41 and Figure 13.42, 
analogous to the treatment of the previous dwellings. For the optima the heating cost is 
reduced to such an extent that the investment cost becomes more important. 
The life cycle external cost of the third extra sub-optimal variant (last on graph in Figure 
13.41), is 16% lower than of the earlier defined sub-optimum (6th on the graph in Figure 
13.41). The net energy demand equals 26,4 kWh/m2, year which is higher than the maximum 
allowed for the passive standard (15 kWh/m2, year). 
Figure 13.42 reveals that for the dwelling representative of the period before 1945, the 
heating cost represents 89% of the life cycle cost while the construction of the dwelling is 
responsible for 9%. The construction cost gains importance for the variants with reduced life 
cycle costs to 32% for the solid sub-optimum and to 48% for the extra optimal variant with 
improved air-tightness. For the latter, heating is responsible for 35% of the life cycle external 
cost. 
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Figure 13.41 Semi-detached, before 1945: external costs for the different phases and processes 
for a selection of variants. 
 
Figure 13.42 Semi-detached, before 1945: proportional distribution of the external costs for the 
different phases and processes for a selection of variants.8 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.43. For this dwelling, the technical installation for heating, ventilation 
and domestic hot water contributes most to both the financial and external life cycle cost 
(without heating). It concerns a heat pump with solar boiler and ventilation system C+. 
Besides the services, the elements which contribute most to the life cycle financial cost are 
the stairs, the outer walls and non-bearing inner walls. The life cycle external cost on the 
other hand is above all determined by the following elements - in order of importance -: 
services, outer walls and floor on grade. The elements which are not mentioned represent 
less than 10% of the life cycle cost. 
                                                 
8 The EOL E  is deducted from the IE. 
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Figure 13.43 Semi-detached, before 1945: contribution of the different elements to the life cycle 
financial and external cost (exclusive heating) for the third extra environmental 
optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.35. 
For a reduced life span of 30 years the optimal K and E values are higher for all costs, the 
influence is however negligible for the environmental cost optima. 
For a prolonged life span (120 years) the optimal values are identical based on the 
environmental cost optimisation, but lower based on the financial and total cost optimisation. 
Table 13.35 Semi-detached, before 1945: summary of the K and E values of the optima (IE/LE, 
IF/LF and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings. 
  
optima
first K54 E87 K54 E87 K54 E87 K54 E87 K54 E87 K54 E87 K54 E87 K50 E84 K54 E87
sub K16 E23 K38 E70 K23 E58 K15 E22 K22 E53 K19 E43 K15 E22 K17 E41 K17 E41
absolute K15 E22 K26 E58 K22 E46 K14 E22 K17 E41 K17 E41 K14 E21 K16 E40 K14 E41
IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
30 year
IE/LE IF/LF IT/LT
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13.03.02 Semi-detached dwelling, type 2 (period 1945 – 1970) 
For this semi-detached dwelling, 31.464 variants (13.440 solid + 8.064 skeleton) are 
analysed. Sensitivity analysis of the life span (30 and 120) leads to a total of 94.392 
simulations.  
The external and financial costs of all variants are plotted on a single graph in Figure 13.44. 
The total costs are omitted to improve tangibility. Differentiation (different symbol) is made 
between the four window types. The results reveal that the external cost on average 
represents 5% of the total cost, with a minimum of 4% and a maximum of 7%. The total cost 
is thus mainly determined by the financial cost. For the dwelling representative of the period 
1945-1970, the external ‘remaining’ cost represents 11% of the total cost. 
The skeleton variants lead to a higher initial external than, but approximately identical (even 
slightly lower) life cycle external cost to, the solid variants. The initial and life cycle financial 
cost of the skeleton variants are higher than of the solid variants. 
Two clouds of variants are noticed for the financial cost of the skeleton variants. The higher 
life cycle costs prove to be the dwellings with outer walls with larch planks as external 
finishing. The high cost can be explained by the higher cleaning and maintenance cost 
compared to a brick veneer. The initial financial costs of the larch planks variants are slightly 
lower than of the brick veneer variants. These are therefore situated on the financial cost 
Pareto front of the skeleton variants. 
 
Figure 13.44 Semi-detached, 1945 – 1970: initial versus life cycle cost. 
WINDOW TYPES 
The four window types of the solid variants are analysed in more detail for both the financial 
and external cost. The financial cost analysis (Figure 13.45) reveals that the initial financial 
cost is slightly higher (0,07% on average) and the life cycle financial cost slightly lower 
(0,25% on average) of thermally improved glazing (T2) compared to normal double glazing 
(T1). The K- and E-value of window type 2 are both on average 3 points lower compared to 
window type 1. 
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The third window type (insulated window frames) results in both a higher initial (+ 1,46% on 
average) and life cycle (+ 0,73% on average) cost compared to the standard frames (T2). 
Therefore window type 3 with thermally improved glazing and insulated timber frames does 
not appear on the financial cost Pareto front. The K- and E-value of the third variant are on 
average 1 point lower than the second window type. The fourth window type (triple glazing) 
requires on average a 0,22% higher investment, but leads to a slight decrease in life cycle 
cost of 0,03% on average compared to the third window type. The K- and E-value are on 
average reduced with 1 and 2 points respectively. The fourth window type does not appear 
on the financial cost Pareto front. 
 
Figure 13.45 Semi-detached, 1945 – 1970: initial versus life cycle financial cost of the solid 
variants. 
The analysis of the external cost (Figure 13.46) reveals that, unexpectedly, the initial external 
cost of thermally improved glazing (type 2) is slightly lower (0,02% on average) compared to 
normal double glazing (type 1). This can be explained by the reduction in the size of the 
radiators, which leads to a higher reduction in the investment cost than the extra cost due to 
the improved glazing. The life cycle external cost is on average 2,05% lower. The third 
window type (insulated window frames) requires on average a 0,21% extra external 
investment, but results in a decrease in life cycle external cost of 0,85% on average 
compared to the standard wood frames. Triple glazing requires on average an extra external 
investment of 0,44% and results in a decrease of 1,14% in life cycle external cost. All window 
types therefore appear on the external cost Pareto front. 
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Figure 13.46 Semi-detached, 1945 – 1970: initial versus life cycle external cost of the solid 
variants. 
EXTERNAL COST 
The external costs of all variants are shown separately in Figure 13.47. The Pareto front is 
determined for the solid and skeleton variants separately. The ‘remaining’ cost for the 
reference for the period 1945-1970 is not indicated since its life cycle external cost is much 
higher and would make the graph intangible. However, this cost is plotted in Figure 13.44. 
 
Figure 13.47 Semi-detached, 1945 – 1970: initial versus life cycle external cost. 
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The Pareto front of the solid variants is shown in Table 13.36, which is equal to the Pareto 
front of all options. The first Pareto optimum (option with the lowest IE) consists of a non-
insulated floor on grade, outer wall OW8 (stucco on 14 cm EPS), a non-insulated flat roof, 
normal double glazing and a non-insulated pitched roof (PR0). The priorities from an 
environmental point of view are insulation of the pitched roof (8 cm) (first step), insulation of 
the floor on grade (3 cm), another type of flat roof + insulation (cellular concrete + 14 cm 
resol) and thermally improved glazing (second step). These measures are followed by 
insulated window frames, increased floor insulation (10 cm), increased outer wall insulation 
(20 cm), triple glazing, increased pitched roof insulation (30 cm), increased flat roof insulation 
(20 cm) and increased floor insulation (21 cm). This leads to the sub-optimum (Pareto 34). A 
further reduction in the external cost is possible, but requires a high extra external 
investment. This can be achieved by increased insulation in the pitched roof (38 cm). 
Table 13.36 Semi-detached 1945-1970: Pareto options based on external cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 57 97 60,91 212,14 
Pareto 2 GRFL0 OW8 FR0 VAR1 PR1 47 85 61,19 198,19 
Pareto 3 GRFL1 OW8 FR3 VAR2 PR0 40 78 61,55 189,95 
Pareto 4 GRFL1 OW8 FR4 VAR2 PR0 39 78 61,62 189,94 
Pareto 5 GRFL1 OW8 FR3 VAR3 PR0 38 77 61,70 188,48 
Pareto 6 GRFL1 OW8 FR4 VAR3 PR0 38 77 61,77 188,47 
Pareto 7 GRFL2 OW8 FR3 VAR2 PR0 36 74 61,80 185,61 
Pareto 8 GRFL1 OW8 FR3 VAR2 PR1 29 66 61,82 174,76 
Pareto 9 GRFL1 OW8 FR4 VAR2 PR1 29 66 61,90 174,73 
Pareto 10 GRFL1 OW8 FR3 VAR3 PR1 28 65 61,97 173,21 
Pareto 11 GRFL1 OW8 FR4 VAR3 PR1 28 65 62,05 173,19 
Pareto 12 GRFL2 OW8 FR3 VAR2 PR1 26 63 62,08 170,19 
Pareto 13 GRFL2 OW8 FR4 VAR2 PR1 26 63 62,16 170,15 
Pareto 14 GRFL2 OW8 FR3 VAR3 PR1 25 62 62,23 168,62 
Pareto 15 GRFL2 OW8 FR4 VAR3 PR1 24 61 62,31 168,59 
Pareto 16 GRFL2 OW9 FR3 VAR2 PR1 23 60 62,45 168,07 
Pareto 17 GRFL2 OW9 FR4 VAR2 PR1 23 60 62,53 168,03 
Pareto 18 GRFL2 OW8 FR3 VAR4 PR1 23 60 62,54 166,55 
Pareto 19 GRFL2 OW9 FR3 VAR3 PR1 22 59 62,60 166,48 
Pareto 20 GRFL2 OW9 FR4 VAR3 PR1 22 59 62,68 166,44 
Pareto 21 GRFL2 OW9 FR3 VAR4 PR1 21 57 62,90 164,37 
Pareto 22 GRFL2 OW9 FR4 VAR4 PR1 21 57 62,98 164,34 
Pareto 23 GRFL3 OW9 FR3 VAR4 PR1 20 56 63,40 162,91 
Pareto 24 GRFL3 OW9 FR4 VAR4 PR1 19 56 63,48 162,87 
Pareto 25 GRFL2 OW8 FR3 VAR2 PR5 19 56 63,62 162,30 
Pareto 26 GRFL2 OW8 FR4 VAR2 PR5 19 56 63,70 162,26 
Pareto 27 GRFL2 OW8 FR3 VAR3 PR5 18 55 63,77 160,69 
Pareto 28 GRFL2 OW8 FR4 VAR3 PR5 18 55 63,85 160,65 
Pareto 29 GRFL2 OW8 FR3 VAR4 PR5 17 53 63,96 158,52 
Pareto 30 GRFL2 OW9 FR3 VAR3 PR5 16 52 64,02 158,14 
Pareto 31 GRFL2 OW9 FR4 VAR3 PR5 16 52 64,10 158,09 
Pareto 32 GRFL2 OW9 FR3 VAR4 PR5 15 51 64,32 155,99 
Pareto 33 GRFL2 OW9 FR4 VAR4 PR5 15 51 64,40 155,95 
Pareto 34 GRFL3 OW9 FR3 VAR4 PR5 13 49 64,82 154,50 
Pareto 35 GRFL3 OW9 FR4 VAR4 PR5 13 49 64,90 154,45 
Pareto 36 GRFL3 OW9 FR3 VAR4 PR7 13 49 65,40 154,12 
Pareto 37 GRFL3 OW9 FR4 VAR4 PR7 13 49 65,48 154,08 
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To evolve from Pareto 1 to Pareto 34 more intermediate steps are identified than mentioned 
above. However these should be omitted since these require a high extra investment for only 
a minor reduction in the life cycle cost (indicated in italics in Table 13.34). 
The first Pareto optimum corresponds to K57 and E97. This option requires an initial financial 
investment cost of 960 euro/m² floor and results in a life cycle financial cost of 3.158 euro/m² 
floor. The absolute optimum equals K13 and E49. This improvement leads to a reduction in 
the life cycle external cost of 27%, but requires an extra financial investment of 66 euro/m² 
floor (+ 7%). However, it leads to a decrease in the life cycle financial cost of 2%. The 
environmental investment thus also results in a life cycle financial improvement. 
The reduction in the life cycle external cost in order to optimise from Pareto 1 to Pareto 34 
(sub-optimum) also equals 27%, but requires a slightly lower extra financial investment of 60 
euro/m² floor (+6%). Moreover, this option leads to an approximately identical life cycle 
financial cost to that of the absolute optimum. 
The option with the highest life cycle external cost of all analysed options equals K99 and 
E143. The life cycle external cost is reduced by 40% by measures according to the sub-
optimum (Pareto 34). This moreover results in a reduction in the life cycle financial cost of 
5%. Compared to the dwelling representative of the period 1945-1970, the LE of the sub-
optimum is nearly 3 times lower than its ‘remaining’ cost, while the LF is 15% higher. 
An identical analysis of the skeleton variants reveals that the first Pareto option (lowest IE) is 
characterised by K46 and E84, which is lower than the values of the corresponding solid 
variant (K57 and E97). The absolute optimum based on external cost is characterised by K11 
and E47, which are both two points lower than for the corresponding solid alternative. The 
sub-optimum equals K12 and E48, which is 1 point lower than for the corresponding solid 
variant. 
The first Pareto optimum, the sub-optimum and the absolute optimum are summarised in 
Table 13.37. The reduction in the life cycle external cost equals 23% to reach to Pareto 24. 
This requires an extra financial investment of 6% (59 euro/m² floor), but as for the solid 
variants, leads to a reduction in the life cycle financial cost of 2%. 
Table 13.37 Semi-detached 1945 – 1970: first Pareto optimum (lowest IE), sub-optimum and 
absolute optimum for the skeleton variants based on external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Pareto 1 GRFL0 OW17b FR9 VAR1 PR0 46 84 1062,63 200,17 
Pareto 24 GRFL3 OW19b FR9 VAR4 PR5 12 48 1121,55 153,99 
Pareto 26 GRFL3 OW20b FR9 VAR4 PR7 11 47 1129,99 153,33 
The option with the highest life cycle external cost of all analysed skeleton options equals 
K56 and E96, which is lower than the corresponding solid variant. This can be explained by 
the fact that skeleton variants are foreseen with insulation between the skeleton for 
acoustical reasons which is not the case for the solid variant. In comparison to this dwelling, 
the sub-optimum (Pareto 24) leads to a reduction of 28% in the LE and of 3% in the LF. This 
improvement is lower than for the solid alternatives for the above reason. 
Compared to the dwelling representative of the period 1945-1970, the LE of the sub-optimum 
is nearly three times lower than its ‘remaining’ cost, while the LF is 17% higher.  
FINANCIAL AND TOTAL COST 
The Pareto optimal solutions based on financial cost differ substantially from the ones based 
on external cost (Table 13.38), resulting in other decisions.  
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Table 13.38 Semi-detached 1945-1970: Pareto options based on financial cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 57 97 959,80 3158,34 
Pareto 2 GRFL0 OW8 FR0 VAR2 PR0 54 94 964,84 3156,71 
Pareto 3 GRFL0 OW8 FR1 VAR1 PR0 49 88 965,73 3140,20 
Pareto 4 GRFL0 OW8 FR3 VAR1 PR0 49 87 966,07 3139,01 
Pareto 5 GRFL0 OW8 FR1 VAR2 PR0 46 85 966,65 3133,51 
Pareto 6 GRFL2 OW8 FR0 VAR1 PR0 48 86 966,77 3127,37 
Pareto 7 GRFL2 OW8 FR0 VAR2 PR0 45 83 967,70 3120,61 
Pareto 8 GRFL1 OW8 FR1 VAR1 PR0 43 81 968,73 3120,14 
Pareto 9 GRFL1 OW8 FR3 VAR1 PR0 43 81 969,07 3118,93 
Pareto 10 GRFL3 OW8 FR0 VAR1 PR0 47 85 969,19 3118,62 
Pareto 11 GRFL2 OW8 FR1 VAR1 PR0 40 77 969,57 3105,09 
Pareto 12 GRFL2 OW8 FR3 VAR1 PR0 40 77 969,91 3103,87 
Pareto 13 GRFL2 OW8 FR1 VAR2 PR0 37 75 970,50 3097,87 
Pareto 14 GRFL2 OW8 FR3 VAR2 PR0 36 74 970,84 3096,64 
Pareto 15 GRFL3 OW8 FR1 VAR1 PR0 39 76 971,98 3096,17 
Pareto 16 GRFL3 OW8 FR3 VAR1 PR0 38 76 972,33 3094,95 
Pareto 17 GRFL3 OW8 FR1 VAR2 PR0 35 73 972,91 3088,88 
Pareto 18 GRFL3 OW8 FR3 VAR2 PR0 35 73 973,26 3087,64 
Pareto 19 GRFL2 OW8 FR1 VAR1 PR1 29 66 979,73 3075,93 
Pareto 20 GRFL2 OW8 FR3 VAR1 PR1 29 66 980,08 3074,67 
Pareto 21 GRFL2 OW8 FR1 VAR2 PR1 26 63 980,66 3068,09 
Pareto 22 GRFL2 OW8 FR3 VAR2 PR1 26 63 981,01 3066,82 
Pareto 23 GRFL3 OW8 FR1 VAR1 PR1 28 64 982,14 3066,79 
Pareto 24 GRFL3 OW8 FR3 VAR1 PR1 28 64 982,49 3065,53 
Pareto 25 GRFL3 OW8 FR1 VAR2 PR1 25 62 983,07 3058,88 
Pareto 26 GRFL3 OW8 FR3 VAR2 PR1 24 61 983,42 3057,61 
Pareto 27 GRFL3 OW8 FR1 VAR2 PR9 23 60 988,38 3057,00 
Pareto 28 GRFL3 OW8 FR3 VAR2 PR9 22 59 988,72 3055,72 
Pareto 29 GRFL3 OW8 FR1 VAR2 PR10 21 58 989,85 3052,42 
Pareto 30 GRFL3 OW8 FR3 VAR2 PR10 21 58 990,20 3051,14 
Pareto 31 GRFL3 OW8 FR1 VAR2 PR11 20 57 991,37 3050,71 
Pareto 32 GRFL3 OW8 FR3 VAR2 PR11 20 57 991,72 3049,43 
Pareto 33 GRFL3 OW8 FR3 VAR2 PR5 18 55 997,39 3048,23 
Pareto 34 GRFL2 OW1 FR1 VAR2 PR1 31 68 1006,84 3041,81 
Pareto 35 GRFL2 OW1 FR3 VAR2 PR1 30 68 1007,02 3040,85 
Pareto 36 GRFL3 OW1 FR1 VAR1 PR1 33 69 1008,33 3040,32 
Pareto 37 GRFL3 OW1 FR3 VAR1 PR1 32 69 1008,50 3039,37 
Pareto 38 GRFL3 OW1 FR1 VAR2 PR1 29 67 1009,26 3032,67 
Pareto 39 GRFL3 OW1 FR3 VAR2 PR1 29 66 1009,43 3031,70 
Pareto 40 GRFL2 OW2 FR1 VAR2 PR1 26 62 1011,14 3030,63 
Pareto 41 GRFL2 OW2 FR3 VAR2 PR1 25 62 1011,27 3029,56 
Pareto 42 GRFL3 OW2 FR1 VAR1 PR1 27 64 1012,62 3029,25 
Pareto 43 GRFL3 OW2 FR3 VAR1 PR1 27 63 1012,76 3028,19 
Pareto 44 GRFL3 OW2 FR1 VAR2 PR1 24 61 1013,55 3021,22 
Pareto 45 GRFL3 OW2 FR3 VAR2 PR1 24 61 1013,68 3020,15 
Pareto 46 GRFL3 OW3 FR1 VAR2 PR1 22 58 1017,63 3019,40 
Pareto 47 GRFL3 OW3 FR3 VAR2 PR1 22 58 1017,74 3018,24 
Pareto 48 GRFL3 OW2 FR3 VAR2 PR9 22 59 1018,98 3017,98 
Pareto 49 GRFL3 OW2 FR1 VAR2 PR10 21 57 1020,31 3014,24 
Pareto 50 GRFL3 OW2 FR3 VAR2 PR10 21 57 1020,45 3013,16 
Pareto 51 GRFL3 OW2 FR1 VAR2 PR11 20 56 1021,83 3012,40 
Pareto 52 GRFL3 OW2 FR3 VAR2 PR11 20 56 1021,97 3011,31 
Pareto 53 GRFL3 OW3 FR3 VAR2 PR10 18 54 1024,50 3010,72 
Pareto 54 GRFL3 OW3 FR1 VAR2 PR11 18 54 1025,90 3009,93 
Pareto 55 GRFL3 OW3 FR3 VAR2 PR11 18 53 1026,01 3008,76 
Pareto 56 GRFL3 OW3 FR3 VAR2 PR5 16 51 1030,68 3005,33 
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The last option on the financial Pareto front requires a high extra investment cost for a small 
reduction in the life cycle financial cost. Therefore, Pareto option 55 can be defined as the 
sub-optimum. It corresponds to a dwelling consisting of a floor on grade with the highest 
foreseen insulation level, outer wall OW3 (cavity wall, 20 cm rock wool with a brick veneer), 
flat roof FR3 (cellular concrete slab + 14 cm resol), pitched roof PR11 (closely placed rafters 
+ 30 cm rock wool) and thermally improved glazing with a standard window frame. This 
option corresponds to K18 and E53. 
Priorities from a financial point of view (not considering intermediate steps which are not of 
interest) are flat roof insulation (16 and 24 cm rock wool), thermally improved glazing, floor 
insulation (10 cm), pitched roof insulation (8 cm), opting for another roof truss with increased 
insulation (closely placed rafters + 14 and 18 cm rock wool) and finally increased outer wall 
insulation (stucco on 20 cm EPS). This leads to the sub-optimum. A further reduction in the 
life cycle external cost can be obtained by increasing the insulation level of the pitched roof 
to 30 cm (rafters and purlins). 
A similar analysis is executed for the total cost and is revealed to be in line with the financial 
cost to a great extent. However, differences are noticed, meaning that inclusion of the 
external cost in the total cost would influence the decisions. The first Pareto optimum, the 
sub-optimum and the absolute optimum based on total cost are summarised in Table 13.39 
for both the solid and skeleton variants. 
Table 13.39 Semi-detached 1945 – 1970: first Pareto optimum (lowest IT), sub-optimum and 
absolute optimum for the solid and skeleton variants based on total cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IT (€/m² 
floor) 
LT (€/m² 
floor) 
Pareto solid 1 GRFL0 OW8 FR0 VAR1 PR0 57 97 1020,71 3370,48 
Pareto solid 32 GRFL3 OW3 FR3 VAR2 PR11 18 53 1093,62 3170,02 
Pareto solid 33 GRFL3 OW3 FR3 VAR2 PR5 16 51 1098,02 3163,84 
Pareto skeleton 1 GRFL0 OW17 FR9 VAR1 PR0 46 85 1098,36 3987,28 
Pareto skeleton 31 GRFL3 OW18b FR9 VAR2 PR11 17 53 1165,24 3258,40 
Pareto skeleton 33 GRFL3 OW18b FR9 VAR2 PR5 15 51 1170,76 3254,72 
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
Based on the optimisation of the initial financial versus the life cycle external cost (Figure 
13.48), actions in order of priority for the solid alternatives are thermally improved glazing, 
flat roof insulation (16 cm rock wool and cellular concrete slab + 14 cm resol), floor insulation 
(3 and 10 cm), pitched roof insulation (8 cm rock wool), opting for another roof truss with 
increased insulation (closely placed rafters with 14, 18 and 20 cm rock wool), increased floor 
insulation (21 cm), increased pitched roof insulation (rafters and purlins with 30 cm rock 
wool), increased outer wall insulation (stucco on 20 cm EPS) and triple glazing. These steps 
result in the sub-optimum (Pareto solid 62 in Table 13.40). A further decrease in the life cycle 
external cost is possible by increasing the flat roof insulation (20 cm resol) or/and increasing 
the pitched roof insulation (38 cm rock wool). However these measures require a high extra 
financial investment for a relatively small decrease in life cycle external cost. 
For the skeleton alternatives, the first Pareto option is better insulated and therefore the flat 
roof remains identical for all variants (FR9), the outer wall insulation starts with 24 cm 
cellulose between the FJI profiles but should be increased to 30 cm according to the second 
Pareto option. A further increase is only noticed beyond the sub-optimum. The order of 
priority of the other measures is in line with the solid variants. Furthermore an increased floor 
on grade insulation of 21 cm PUR has priority over an increase in pitched roof insulation 
above 8 cm. In Table 13.40 the first Pareto optimum, the sub-optimum and the absolute 
optimum are summarised for the solid and skeleton variants. Both sub-optima correspond to 
K13 and E49. 
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Table 13.40 Semi-detached 1945-1970: first Pareto optimum (lowest IF), sub-optimum and 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost.  
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Pareto solid 1 GRFL0 OW8 FR0 VAR1 PR0 57 97 959,80 212,14 
Pareto solid 62 GRFL3 OW9 FR3 VAR4 PR5 13 49 1019,95 154,50 
Pareto solid 65 GRFL3 OW9 FR4 VAR4 PR7 13 49 1026,03 154,08 
Pareto skeleton 1 GRFL0 OW17 FR9 VAR1 PR0 46 85 1031,03 199,36 
Pareto skeleton 30 GRFL3 OW18 FR9 VAR4 PR5 13 49 1085,52 154,82 
Pareto skeleton 35 GRFL3 OW20b FR9 VAR4 PR7 11 47 1129,99 153,33 
 
Figure 13.48 Semi-detached, 1945-1970: initial financial versus life cycle external cost. 
Different decisions are taken based on a maximum reduction in the external life cycle cost for 
the lowest increase in life cycle financial cost (Figure 13.49). The Pareto optima are 
summarised in Table 13.41. The solid sub-optimum corresponds to K13 and E48, while the 
skeleton sub-optimum is characterised by K11 and E47. The optima differ from the optima 
based on financial investment versus life cycle external cost. 
Table 13.41 Semi-detached 1945-1970: first Pareto optimum (lowest LF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Pareto solid 1 GRFL3 OW3 FR3 VAR2 PR5 16 51 3005,33 158,51 
Pareto solid 5 GRFL3 OW3 FR3 VAR4 PR7 13 48 3027,96 154,28 
Pareto solid 8 GRFL3 OW9 FR4 VAR4 PR7 13 49 3074,68 154,08 
Pareto skeleton 1 GRFL3 OW18b FR9 VAR2 PR5 15 51 3096,33 158,39 
Pareto skeleton 8 GRFL3 OW20b FR9 VAR4 PR7 11 47 3122,22 153,33 
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Figure 13.49 Semi-detached, 1945-1970: life cycle financial versus life cycle external cost. 
CONTRIBUTION PHASES 
In Figure 13.50 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
for the previous dwellings. For the existing dwelling, an initial cost is considered at the 
current prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to more recent dwellings. 
 
Figure 13.50 Semi-detached, 1945-1970: financial and external costs for the different phases and 
processes for a selection of variants. 
The importance of the financial cost in the total cost is confirmed from this graph. 
Furthermore, the difference between the financial and external costs becomes clear. While 
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for the financial cost the periodic costs are the most important, followed by the investment 
cost, the heating cost is most important from an environmental point of view. The 
optimisation potential from an environmental perspective is therefore mainly the reduction in 
the energy use, while from a financial point of view the focus should be on the optimisation of 
cleaning, maintenance and replacement costs. 
A more detailed analysis of the external cost is presented in Figure 13.51 and Figure 13.52, 
analogous to the treatment of the previous dwellings.  
 
Figure 13.51 Semi-detached, 1945-1970: external costs for the different phases and processes for 
a selection of variants. 
 
Figure 13.52 Semi-detached, 1945-1970: proportional distribution of the external costs for the 
different phases and processes for a selection of variants.9 
The life cycle external cost of the third extra sub-optimal variant (last on graph in Figure 
13.51), is 19% lower than that of the earlier defined sub-optimum (6th on the graph in Figure 
13.51). The net energy demand equals 33 kWh/m2 per year which is higher than the 
maximum allowed for the passive standard (15 kWh/m2 per year). 
Figure 13.52 reveals that for the dwelling representative of the period 1945-1970, the heating 
cost represents 87% of the life cycle cost while the construction of the dwelling is responsible 
for 10%. The construction cost gains importance for the variants with reduced life cycle costs 
to 32%. 
                                                 
9 The EOL E is deducted from the IE. 
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CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.53. The elements contributing most to the financial cost are the stairs, 
the floor on grade, the outer walls and the non-bearing inner walls. The floor on grade, the 
outer walls and the services are contributing most to the environmental cost. The elements 
which are not mentioned represent less than 10% of the life cycle cost. 
 
Figure 13.53 Semi-detached, 1945-1970: contribution of the different elements to the life cycle 
financial and external cost (exclusive heating) for the third extra environmental 
optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.42. 
The first Pareto option is identical for all scenarios. For a reduced life span of 30 years the 
optimal K and E values are higher for all costs (except for the first Pareto option). 
For a prolonged life span (120 years) the optimal values are approximately identical based 
on the environmental cost optimisation, but lower based on the financial cost optimisation. 
Based on total cost, the K-values are lower, but the E-values higher.  
Table 13.42 Semi-detached, 1945-1970: summary of the K and E values of the optima (IE/LE, 
IF/LF and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings. 
  
optima
first K57 E97 K57 E97 K57 E97 K57 E97 K57 E97 K57 E97 K57 E97 K57 E97 K57 E97
sub K15 E51 K25 E62 K26 E63 K13 E49 K18 E53 K18 E53 K13 E49 K16 E51 K16 E56
absolute K13 E49 K24 E61 K20 E57 K13 E49 K16 E51 K16 E51 K12 E48 K15 E51 K15 E55
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.03.03 Semi-detached, type 3 (period 1971 – 1990) 
For this semi-detached dwelling, 31.464 variants (13.440 solid + 8.064 skeleton) are 
analysed. Sensitivity analysis of the life span (30 and 120) leads to a total of 94.392 
simulations. 
The external and financial costs of all variants are plotted on a single graph in Figure 13.54. 
The total costs are omitted to improve tangibility. The results reveal that the external cost on 
average represents 5% of the total cost, with a minimum of 4% and a maximum of 7%. The 
total cost is thus mainly determined by the financial cost. For the dwelling representative of 
the period 1971-1990, the life cycle external cost represents 7% of the total cost. 
The skeleton variants lead to a higher initial external cost than, but approximately identical 
life cycle external cost to, the solid variants. The initial and life cycle financial cost of the 
skeleton variants are higher. 
The financial costs of the third window type are not distinguishable on the graph in Figure 
13.54 since the financial investment cost is only slightly lower than the cost of the fourth 
window type and the life cycle financial cost only slightly higher. The more detailed analysis 
and description of the windows for the previous dwelling is also valid for this dwelling. 
Two clouds of variants are noticed for the financial cost of the skeleton variants. Again, the 
higher life cycle costs prove to be for the dwellings with outer walls with larch planks as 
external finishing. The high cost can be explained by the higher cleaning and maintenance 
cost compared to a brick veneer. 
 
Figure 13.54 Semi-detached, 1971 – 1990: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.55. A distinction (different symbol) is 
made between the four window types. The Pareto fronts are determined for the solid and 
skeleton variants separately. 
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Figure 13.55 Semi-detached, 1971 – 1990: initial versus life cycle external cost. 
The Pareto front of the solid variants is shown in Table 13.43. The first Pareto optimum 
(lowest IE) corresponds to a non-insulated floor on grade, outer wall OW8 (stucco on 14 cm 
EPS), a non-insulated flat roof, standard double glazing (with standard window frames) and a 
non-insulated pitched roof. The first priority from an environmental point of view is 3 cm floor 
insulation combined with a flat roof consisting of a cellular concrete slab with 14 cm resol and 
thermally improved glazing. The next priorities are pitched roof insulation (8 cm), insulated 
window frames, increased floor insulation (10 cm), triple glazing, increased wall insulation 
(20 cm EPS), increased pitched roof insulation (30 cm), increased flat roof insulation (20 cm) 
and finally increased floor insulation (21 cm). This leads to the sub-optimum (Pareto 27 in 
Table 13.43). A further reduction in the external cost is possible, but requires a high extra 
external investment. This decline can be achieved by a combination of a floor with 21 cm 
insulation and outer walls with 20 cm EPS, triple glazing and a flat roof with 20 cm resol, or 
by reduced flat roof insulation (14 cm) combined with increased pitched roof insulation (38 
cm). 
As can be seen in Figure 13.55 and in Table 13.43, more steps are identified to reach the 
sub-optimum. However, these require a high extra environmental investment for a relatively 
low decrease in the life cycle cost (italics in Table 13.43). 
The first Pareto optimum (lowest IE) corresponds to K71 and E111. This option requires an 
initial financial investment cost of 1.070 euro/m² floor and results in a financial life cycle cost 
of 3.603 euro/m² floor. The absolute optimum equals K14 and E50. This improvement leads 
to a 30% reduction in the life cycle external cost, but requires an extra financial investment of 
73 euro/m² floor (+ 7%). However, it also results in a decrease in the life cycle financial cost 
of 3%. The environmental investment thus also results in a life cycle financial improvement 
despite the necessary extra financial investment. 
Compared to the first Pareto optimum, the sub-optimum also leads to a 30% decrease in the 
life cycle external cost and requires an extra financial investment of 66 euro/m² floor (+6%). 
Moreover, this option leads to a slightly lower life cycle financial cost than the absolute 
optimum. 
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Table 13.43 Semi-detached, 1971 – 1990: Pareto options based on external cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window 
pitched 
roof K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 71 111 63,82 240,79  
Pareto 2 GRFL1 OW8 FR3 VAR2 PR0 41 78 63,95 203,76  
Pareto 3 GRFL1 OW8 FR4 VAR2 PR0 41 78 64,09 203,68  
Pareto 4 GRFL1 OW8 FR3 VAR3 PR0 40 77 64,14 201,90  
Pareto 5 GRFL1 OW8 FR3 VAR2 PR1 31 68 64,21 189,82  
Pareto 6 GRFL1 OW8 FR4 VAR2 PR1 31 67 64,35 189,72  
Pareto 7 GRFL1 OW8 FR3 VAR3 PR1 30 66 64,41 187,88  
Pareto 8 GRFL2 OW8 FR3 VAR2 PR1 28 64 64,54 185,19  
Pareto 9 GRFL2 OW8 FR4 VAR2 PR1 28 64 64,69 185,08  
Pareto 10 GRFL2 OW8 FR3 VAR3 PR1 26 63 64,74 183,22  
Pareto 11 GRFL2 OW8 FR4 VAR3 PR1 26 62 64,88 183,11  
Pareto 12 GRFL2 OW9 FR3 VAR3 PR1 24 60 65,16 181,61  
Pareto 13 GRFL2 OW9 FR4 VAR3 PR1 24 60 65,31 181,49  
Pareto 14 GRFL2 OW8 FR3 VAR4 PR1 24 60 65,36 179,49  
Pareto 15 GRFL2 OW8 FR4 VAR4 PR1 24 60 65,51 179,38  
Pareto 16 GRFL2 OW9 FR3 VAR4 PR1 22 57 65,79 177,83  
Pareto 17 GRFL2 OW9 FR4 VAR4 PR1 21 57 65,93 177,70  
Pareto 18 GRFL2 OW8 FR3 VAR3 PR5 21 57 66,07 175,94 8.113 
Pareto 19 GRFL2 OW8 FR4 VAR3 PR5 20 56 66,21 175,81 8.135 
Pareto 20 GRFL2 OW9 FR3 VAR3 PR5 19 54 66,49 174,01 8.299 
Pareto 21 GRFL2 OW9 FR4 VAR3 PR5 18 54 66,64 173,88 8.323 
Pareto 22 GRFL2 OW8 FR3 VAR4 PR5 18 54 66,69 172,13 8.609 
Pareto 23 GRFL2 OW8 FR4 VAR4 PR5 18 54 66,83 172,00 8.633 
Pareto 24 GRFL2 OW9 FR3 VAR4 PR5 16 52 67,11 170,16 8.813 
Pareto 25 GRFL2 OW9 FR4 VAR4 PR5 16 52 67,26 170,02 8.839 
Pareto 26 GRFL2 OW9 FR3 VAR4 PR7 15 51 67,65 169,82 8.932 
Pareto 27 GRFL3 OW9 FR3 VAR4 PR5 15 51 67,73 168,69 9.117 
Pareto 28 GRFL3 OW9 FR4 VAR4 PR5 14 50 67,88 168,54 9.145 
Pareto 29 GRFL3 OW9 FR3 VAR4 PR7 14 50 68,27 168,35 9.244 
Pareto 30 GRFL3 OW9 FR4 VAR4 PR7 14 50 68,42 168,21 9.272 
The option with the highest life cycle external cost of all options analysed equals K109 and 
E152. Compared to this option, a reduction in the life cycle external cost of 39% is achieved 
by the sub-optimum. Moreover, a reduction in the life cycle financial cost of 4% is achieved 
for an extra financial investment of 3%. Compared to the dwelling representative of the 
period 1971 - 1990, the LE of the sub-optimum is 1,22 times lower than its ‘remaining’ cost, 
while the LF is 39% higher (3.494 compared to 2.521 euro/m²). 
An identical analysis of the skeleton variants reveals that the first Pareto option (lowest IE) is 
characterised by K51 and E88, which is lower than that of the corresponding solid variant. 
The absolute optimum based on external cost is characterised by K12 and E49, which are 
respectively two and one point lower than for the solid absolute optimum. The sub-optimum 
equals K15 and E51, which is identical to the corresponding solid variant. The first Pareto 
optimum, the sub-optimum and the absolute optimum are summarised in Table 13.44. A 22% 
reduction in the life cycle external cost is achieved by the sub-optimum compared to the first 
Pareto option. This option requires an extra financial investment of 5% (56 euro/m² floor), but 
results in a reduction in the life cycle financial cost of 2%. 
The option with the highest life cycle external cost of all analysed skeleton options equals 
K61 and E99, which is lower than the corresponding solid variant. This can be explained by 
the fact that skeleton variants are foreseen with insulation between the skeleton for 
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acoustical reasons which is not the case for the solid variant. Compared to this option, a 26% 
reduction in the life cycle external cost is achieved by the sub-optimum and a 3% reduction in 
the life cycle financial cost. This improvement is lower than for the solid alternatives for the 
above reason. Compared to the dwelling representative of the period 1971 - 1990, the LE of 
the sub-optimum is about 1,2 times lower than its remaining cost, while the LF is about 1,4 
times higher. 
Table 13.44 Semi-detached, 1971 – 1990: first Pareto optimum (lowest IE), sub-optimum and 
absolute optimum for the skeleton variants based on external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window 
pitched 
roof K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto 1 GRFL0 OW17b FR9 VAR1 PR0 51 88 74,96 221,03 5.435 
Pareto 33 GRFL3 OW17b FR9 VAR4 PR5 15 51 79,11 172,98 9.194 
Pareto 46 GRFL3 OW20b FR10 VAR4 PR7 12 49 81,98 170,90 10.144
FINANCIAL AND TOTAL COST 
The Pareto set based on financial cost differs substantially from the one based on external 
cost (Table 13.46) and therefore decisions based on financial and external cost differ. As for 
the external cost, the absolute optimum requires a high extra investment cost for a small 
reduction in the life cycle financial cost. Therefore, Pareto option 31 can be defined as the 
sub-optimum. It is composed of a floor on grade with 21 cm PUR, outer wall OW2 (cavity wall 
with 14 cm rock wool and a brick veneer), flat roof FR1 (hollow concrete slab with 16 cm rock 
wool), pitched roof PR10 (closely placed rafters + 14 cm rock wool) and thermally improved 
glazing with a standard window frame. This dwelling corresponds to K23 and E59. 
The actions in order of priority based on financial cost are flat roof insulation (16 cm rock 
wool) and thermally improved glazing, floor insulation (3 and 10 cm PUR), another type of flat 
roof (cellular concrete slab with 14 cm resol), pitched roof insulation (8 cm), increased floor 
on grade insulation (21 cm) combined with another type of pitched roof (closely placed 
rafters + 14 cm rock wool), increased pitched roof insulation (14 and 18 cm) and finally 
another type of outer wall (cavity wall with 7,5 and (in a second step) 14 cm rock wool with a 
brick veneer). The less interesting measures on the Pareto front to reach for the sub-
optimum are indicated in italics (Table 13.46). A further decrease in the life cycle financial 
cost is possible but requires a relatively high extra investment. This further decrease can be 
achieved by a higher insulation level of the outer walls (20 cm rock wool) and an increased 
insulation level of the pitched roof (38 cm rock wool). 
A similar analysis is executed for the total cost and is revealed to be in line with the financial 
cost to a large extent. However, differences are noticed, meaning that inclusion of the 
external cost would influence the decisions. The first Pareto option, the sub-optimum and the 
absolute optimum are summarised in Table 13.45 for both the solid and skeleton variants. 
Table 13.45 Semi-detached 1971 – 1990: first Pareto optimum (lowest IT), sub-optimum and 
absolute optimum for the solid and skeleton variants based on total cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IT (€/m² 
floor) 
LT (€/m² 
floor) 
Iover
(Kh) 
 
Pareto solid 1 GRFL0 OW8 FR0 VAR1 PR0 71 111 1.134,07 3.843,66  
Pareto solid 40 GRFL3 OW2 FR3 VAR2 PR5 20 56 1.210,51 3.598,32  
Pareto solid 41 GRFL3 OW3 FR3 VAR2 PR5 18 54 1.214,96 3.593,66 8.107
Pareto skeleton 1 GRFL0 OW17 FR9 VAR1 PR0 52 89 1.243,40 4.506,45  
Pareto skeleton 21 GRFL3 OW10 FR9 VAR2 PR10 27 63 1.294,72 3.712,99  
Pareto skeleton 29 GRFL3 OW18b FR9 VAR2 PR5 18 54 1.320,58 3.693,77 8.651
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Table 13.46 Semi-detached 1971 – 1990: Pareto options based on financial cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover
(Kh) 
 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 71 111 1.070,25 3.602,88  
Pareto 2 GRFL0 OW8 FR1 VAR2 PR0 48 86 1.075,26 3.544,41  
Pareto 3 GRFL0 OW8 FR3 VAR2 PR0 47 85 1.077,13 3.543,67  
Pareto 4 GRFL1 OW8 FR1 VAR1 PR0 48 85 1.077,56 3.540,59  
Pareto 5 GRFL1 OW8 FR1 VAR2 PR0 42 79 1.077,89 3.523,26  
Pareto 6 GRFL2 OW8 FR1 VAR2 PR0 38 75 1.079,31 3.508,87  
Pareto 7 GRFL2 OW8 FR3 VAR2 PR0 38 75 1.081,18 3.508,07  
Pareto 8 GRFL3 OW8 FR1 VAR2 PR0 37 74 1.082,78 3.501,82  
Pareto 9 GRFL3 OW8 FR3 VAR2 PR0 36 73 1.084,66 3.501,01  
Pareto 10 GRFL1 OW8 FR1 VAR2 PR1 32 68 1.087,18 3.496,29  
Pareto 11 GRFL2 OW8 FR1 VAR2 PR1 28 65 1.088,60 3.481,40  
Pareto 12 GRFL2 OW8 FR3 VAR2 PR1 28 64 1.090,47 3.480,53  
Pareto 13 GRFL3 OW8 FR1 VAR2 PR1 27 63 1.092,08 3.474,13  
Pareto 14 GRFL3 OW8 FR3 VAR2 PR1 26 63 1.093,95 3.473,26  
Pareto 15 GRFL3 OW8 FR1 VAR2 PR9 25 61 1.096,98 3.472,45  
Pareto 16 GRFL3 OW8 FR1 VAR2 PR10 24 60 1.098,33 3.468,24  
Pareto 17 GRFL3 OW8 FR1 VAR2 PR11 23 59 1.099,73 3.466,69  
Pareto 18 GRFL3 OW8 FR3 VAR2 PR11 22 58 1.101,60 3.465,79  
Pareto 19 GRFL3 OW8 FR1 VAR2 PR5 21 57 1.104,98 3.465,65 8.008 
Pareto 20 GRFL3 OW8 FR3 VAR2 PR5 21 57 1.105,94 3.463,19 8.112 
Pareto 21 GRFL3 OW2 FR1 VAR2 PR0 36 73 1.117,24 3.460,59  
Pareto 22 GRFL2 OW1 FR1 VAR2 PR1 32 69 1.118,05 3.447,05  
Pareto 23 GRFL2 OW1 FR3 VAR2 PR1 32 68 1.119,72 3.446,53  
Pareto 24 GRFL3 OW1 FR1 VAR2 PR1 31 67 1.121,52 3.439,85  
Pareto 25 GRFL2 OW2 FR1 VAR2 PR1 28 64 1.123,01 3.438,94  
Pareto 26 GRFL2 OW2 FR3 VAR2 PR1 27 63 1.124,65 3.438,29  
Pareto 27 GRFL3 OW1 FR1 VAR2 PR9 29 66 1.126,43 3.438,23  
Pareto 28 GRFL3 OW2 FR1 VAR2 PR1 26 62 1.126,48 3.431,49  
Pareto 29 GRFL3 OW2 FR3 VAR2 PR1 26 62 1.128,11 3.430,83  
Pareto 30 GRFL3 OW2 FR1 VAR2 PR9 25 61 1.131,38 3.429,55  
Pareto 31 GRFL3 OW2 FR1 VAR2 PR10 23 59 1.132,72 3.425,12  
Pareto 32 GRFL3 OW2 FR1 VAR2 PR11 22 58 1.134,12 3.423,45  
Pareto 33 GRFL3 OW2 FR3 VAR2 PR11 22 58 1.135,75 3.422,76  
Pareto 34 GRFL3 OW3 FR1 VAR2 PR11 20 56 1.138,77 3.422,64  
Pareto 35 GRFL3 OW2 FR1 VAR2 PR5 21 56 1.139,36 3.422,14  
Pareto 36 GRFL3 OW3 FR3 VAR2 PR11 20 55 1.140,37 3.421,84  
Pareto 37 GRFL3 OW2 FR3 VAR2 PR5 20 56 1.140,99 3.421,45  
Pareto 38 GRFL3 OW3 FR1 VAR2 PR5 19 54 1.144,01 3.421,08  
Pareto 39 GRFL3 OW3 FR3 VAR2 PR5 18 54 1.144,69 3.418,73 8.107 
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
Based on the analysis of the initial financial cost versus the life cycle external cost (Figure 
13.56), actions for the solid alternatives are – in order of priority – thermally improved glazing 
and flat roof insulation (16 cm rock wool), floor insulation (3 and 10 cm), pitched roof 
insulation (8 cm rock wool), another type of flat roof (cellular concrete with 14 cm resol), 
increased pitched roof insulation (30 cm rock wool), increased floor insulation (21 cm), 
increased outer wall insulation (20 cm EPS) and triple glazing. These measures lead to the 
sub-optimum. A further reduction in the life cycle external cost is possible by increasing the 
insulation level of the pitched roof to 38 cm. However, this extra measure requires a relatively 
high extra financial investment. For the skeleton alternatives priorities are more or less 
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identical. However, all options consist of an identical flat roof (FJI profiles with 24 cm 
cellulose and 6 cm resol), except for the final options with an increased insulation level (30 
cm cellulose and 8 cm resol). 
In Table 13.47 the first, the sub-optimum and the absolute optimum are summarised for both 
the solid and skeleton variants. The sub-optimum for the solid variants corresponds to K15 
and E51, the sub-optimum for the skeleton variants to K13 and E50. 
 
Figure 13.56 Semi-detached, 1971 – 1990: initial financial versus life cycle external cost. 
Table 13.47 Semi-detached 1971 – 1990: first Pareto optimum (lowest IF), sub-optimum and 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost.  
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto solid 1 GRFL0 OW8 FR0 VAR1 PR0 71 111 1.070,25 240,79  
Pareto solid 34 GRFL3 OW9 FR3 VAR4 PR5 15 51 1.135,99 168,69 9.117 
Pareto solid 36 GRFL3 OW9 FR4 VAR4 PR7 14 50 1.143,45 168,21 9.272 
Pareto skeleton 1 GRFL0 OW17 FR9 VAR1 PR0 52 89 1.168,27 220,24  
Pareto skeleton 39 GRFL3 OW18 FR9 VAR4 PR7 13 50 1.232,80 171,75 9.593 
Pareto skeleton 46 GRFL3 OW20b FR10 VAR4 PR7 12 49 1.282,54 170,90 10.144
Different decisions are taken based on the maximum reduction in the external life cycle cost 
for the lowest increase in life cycle financial cost. The Pareto optima are summarised in 
Table 13.48. The solid sub-optimum corresponds to K14 and E50, while the skeleton sub-
optimum (Pareto skeleton 10) is characterised by K13 and E50. The optima differ from the 
optima based on financial investment versus life cycle external cost. 
For the solid variants the Pareto options differ in outer walls (OW3, OW9), flat roof (FR3, FR4 
and FR5), pitched roof (PR5, PR7) and window type (VAR2, VAR4). The dwellings all consist 
of a floor on grade with 21 cm PUR. For the skeleton variants, the outer walls (OW18b, 
OW19b and OW20b), the flat roof (FR9, FR10), the pitched roof (PR5 and PR7) and the 
windows (VAR2, VAR4) vary. The dwellings all consist of a floor on grade with 21 cm PUR. 
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Figure 13.57 Semi-detached, 1971 – 1990: life cycle financial versus life cycle external cost. 
Table 13.48 Semi-detached 1971 – 1990: first Pareto optimum (lowest LF), sub-optimum and 
absolute optimum for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
Pareto solid 1 GRFL3 OW3 FR3 VAR2 PR5 18 54 3.418,73 174,93 8.107 
Pareto solid 5 GRFL3 OW3 FR3 VAR4 PR7 14 50 3.445,68 168,57 9.003 
Pareto solid 9 GRFL3 OW9 FR4 VAR4 PR7 14 50 3.499,63 168,21 9.272 
Pareto skeleton 1 GRFL3 OW18b FR9 VAR2 PR5 18 54 3.515,99 177,78 8.651 
Pareto skeleton 10 GRFL3 OW19b FR9 VAR4 PR7 13 50 3.545,55 171,14 9.932 
Pareto skeleton 12 GRFL3 OW20b FR10 VAR4 PR7 12 49 3.552,28 170,90 10.144
CONTRIBUTION PHASES 
In Figure 13.58 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
for the previous dwellings. For the existing dwelling, an initial cost is considered at the 
current prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to more recent dwellings. 
The importance of the financial cost in the total cost is confirmed from this graph. 
Furthermore, the difference between the financial and external costs becomes clear. While 
for the financial cost the periodic costs are the most important, followed by the investment 
cost, the heating cost is most important from an environmental point of view. The 
optimisation potential from an environmental point of view is therefore mainly the reduction in 
the energy use, while from a financial point of view the focus should be on optimisation of 
cleaning, maintenance and replacement costs. 
A more detailed analysis of the external cost is presented in Figure 13.59 and Figure 13.60, 
analogous to the treatment of the previous dwellings. Although the heating cost is reduced to 
a great extent in the optimised dwellings, it still is responsible for the most important part of 
the life cycle external cost.  
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Figure 13.58 Semi-detached, 1971 – 1990: financial and external costs for the different phases 
and processes for a selection of variants. 
 
Figure 13.59 Semi-detached, 1971 – 1990: external costs for the different phases and processes 
for a selection of variants. 
 
Figure 13.60 Semi-detached, 1971 – 1990: proportional distribution of the external costs for the 
different phases and processes for a selection of variants.10 
                                                 
10 The EOL E  is deducted from the IE. 
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The life cycle external cost of the third extra sub-optimal variant (last on graph in Figure 
13.59), is 17% lower than of the earlier defined sub-optimum (6th on the graph in Figure 
13.59). The net energy demand equals 30 kWh/m², year which is higher than the maximum 
allowed for the passive standard (15 kWh/m², year). 
Figure 13.60 reveals that for the dwelling representative of the period 1971-1990, the heating 
cost represents 76% of the life cycle cost while the construction of the dwelling is responsible 
for 19%. The construction cost gains importance for the variants with reduced life cycle costs 
to 32% for the solid sub-optimum and for the extra optimal variant with improved air-
tightness. 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.61. The elements contributing most to the financial cost are the stairs, 
the floor on grade, the intermediate floors and the outer walls. The floor on grade, the outer 
walls, the intermediate floors and the services are contributing most to the environmental 
cost. The elements which are not mentioned represent less than 10% of the life cycle cost. 
 
Figure 13.61 Semi-detached, 1971 – 1990: contribution of the different elements to the life cycle 
financial and external cost (exclusive heating) for the third extra environmental 
optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.49. The first Pareto option is identical for all scenarios. For a reduced life span of 30 years 
the optimal K and E values are higher for all costs (except for the first Pareto option), while 
the values are lower for a prolonged life span. 
Table 13.49 Semi-detached, 1971-1990: summary of the K and E values of the optima (IE/LE, 
IF/LF and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings.  
optima
first K71 E111 K71 E111 K71 E111 K71 E111 K71 E111 K71 E111 K71 E111 K71 E111 K71 E111
sub K16 E52 K38 E75 K28 E65 K15 E51 K23 E59 K20 E56 K14 E50 K19 E55 K18 E54
absolute K14 E50 K27 E63 K22 E58 K14 E50 K18 E54 K18 E54 K13 E49 K18 E54 K18 E54
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.03.04 Semi-detached dwelling, type 4 (period 1991 – 2001) 
For this semi-detached dwelling, 31.464 variants (13.440 solid + 8.064 skeleton) are 
analysed. Sensitivity analysis of the life span (30 and 120) leads to a total of 94.392 
simulations. 
The external and financial costs of all variants are plotted on a single graph in Figure 13.62. 
The total costs are omitted to improve tangibility. The results reveal that the external cost on 
average represents 5% of the total cost, with a minimum of 6% and a maximum of 8%. The 
total cost is thus mainly determined by the financial cost. For the dwelling representative of 
the period 1991-2001, the external ‘remaining’ cost represents 7% of the total cost. 
The skeleton variants lead to a higher initial external cost than, but approximately identical 
life cycle external cost to the solid variants. The initial and life cycle financial cost of the 
skeleton variants are higher. 
The financial costs of the third window type are not distinguishable on the graph in Figure 
13.62 since the financial investment cost is only slightly lower than the cost of the fourth 
window type and the life cycle financial cost only slightly higher. The more detailed analysis 
and description of the windows of the semi-detached dwelling, type 2 are also valid for this 
dwelling. 
Two clouds of variants are noticed for the financial cost of the skeleton variants. Again, the 
higher life cycle costs prove to be the dwellings with outer walls with larch planks as external 
finishing. The high cost can be explained by the higher cleaning and maintenance cost 
compared to a brick veneer. 
 
Figure 13.62 Semi-detached, 1991 – 2001: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.63. A distinction (different symbol) is 
made between the four window types. The Pareto front is determined for the solid and 
skeleton variants separately. 
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Figure 13.63 Semi-detached, 1991 – 2001: initial versus life cycle external cost. 
The Pareto front of the solid variants is shown in Table 13.50. The first Pareto optimum 
(lowest IE) consists of a non-insulated floor on grade, outer wall OW8 (stucco on 14 cm 
EPS), a non-insulated flat roof, standard double glazing and a non-insulated pitched roof. 
The priorities from an environmental point of view are insulation of the pitched roof (8 cm), 
insulation of the flat roof (cellular concrete slab with 14 cm resol) and thermally improved 
glazing, floor insulation (3 and 10 cm), insulated window frames, increased outer wall 
insulation (20 cm), triple glazing, increased floor insulation (21 cm), and finally a higher 
insulation level in the pitched roof (30 cm rock wool). This leads to the sub-optimum (Pareto 
35 in Table 13.50). A further decline of the external cost is possible, but requires a high extra 
external investment. This decline can be achieved by an increase of insulation in the flat roof 
(20 and 28 cm resol) or/and an increase of insulation in the pitched roof (38 cm rock wool).  
As can be seen in Figure 13.63 and in Table 13.50, some of the steps on the Pareto front are 
less interesting since these require a high extra environmental investment for a relatively low 
decrease in the life cycle cost. These are omitted in the priority steps described in the 
previous paragraph (italics in Table 13.50). 
The first Pareto optimum (lowest IE) corresponds to K67 and E106. This option requires an 
initial financial investment cost of 1.020 euro/m² floor and results in a financial life cycle cost 
of 3.435 euro/m² floor. The absolute optimum equals K13 and E48. This improvement leads 
to a 31% reduction in the life cycle external cost, but requires an extra financial investment of 
93 euro/m² floor (+ 9%). However, it also results in a decrease in the life cycle financial cost 
of 3,5%. The environmental investment thus also results in a life cycle financial improvement, 
despite the necessary extra financial investment. 
Compared to the first Pareto optimum, the sub-optimum also leads to a 31% decrease in the 
life cycle external cost and requires an extra financial investment of 76 euro/m² floor (+7,5%). 
Moreover, this option leads to a 4% reduction in the life cycle financial cost of the first Pareto 
optimum and a slightly lower life cycle financial cost than the absolute optimum. 
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Table 13.50 Semi-detached 1991-2001: Pareto options based on external cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh) 
 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 67 106 71,12 276,10  
Pareto 2 GRFL0 OW8 FR0 VAR1 PR1 57 94 71,60 260,05  
Pareto 3 GRFL0 OW9 FR0 VAR1 PR1 55 92 72,02 259,78  
Pareto 4 GRFL0 OW8 FR3 VAR2 PR0 45 83 72,10 244,18  
Pareto 5 GRFL1 OW8 FR3 VAR2 PR0 39 76 72,12 233,68  
Pareto 6 GRFL1 OW8 FR3 VAR3 PR0 38 75 72,28 232,14  
Pareto 7 GRFL2 OW8 FR3 VAR2 PR0 36 73 72,31 227,92  
Pareto 8 GRFL2 OW8 FR3 VAR3 PR0 35 72 72,47 226,35  
Pareto 9 GRFL1 OW8 FR3 VAR2 PR1 29 65 72,47 215,28  
Pareto 10 GRFL1 OW8 FR3 VAR3 PR1 28 64 72,63 213,66  
Pareto 11 GRFL2 OW8 FR3 VAR2 PR1 26 62 72,66 209,25  
Pareto 12 GRFL2 OW8 FR3 VAR3 PR1 25 61 72,82 207,60  
Pareto 13 GRFL2 OW8 FR4 VAR3 PR1 25 60 72,99 207,43  
Pareto 14 GRFL2 OW9 FR3 VAR2 PR1 24 59 73,08 207,11  
Pareto 15 GRFL2 OW9 FR3 VAR3 PR1 23 58 73,24 205,44  
Pareto 16 GRFL2 OW8 FR3 VAR4 PR1 23 59 73,34 204,58  
Pareto 17 GRFL2 OW8 FR4 VAR4 PR1 23 58 73,51 204,40  
Pareto 18 GRFL3 OW9 FR3 VAR3 PR1 21 57 73,67 203,33  
Pareto 19 GRFL2 OW9 FR3 VAR4 PR1 21 57 73,76 202,37  
Pareto 20 GRFL2 OW9 FR4 VAR4 PR1 21 56 73,93 202,18  
Pareto 21 GRFL2 OW9 FR5 VAR4 PR1 21 56 74,17 202,16  
Pareto 22 GRFL3 OW9 FR3 VAR4 PR1 20 55 74,18 200,24  
Pareto 23 GRFL3 OW9 FR4 VAR4 PR1 20 55 74,36 200,04  
Pareto 24 GRFL2 OW8 FR3 VAR2 PR5 20 55 74,53 199,70  
Pareto 25 GRFL2 OW8 FR3 VAR3 PR5 19 54 74,69 198,01  
Pareto 26 GRFL2 OW8 FR4 VAR3 PR5 19 54 74,86 197,82  
Pareto 27 GRFL2 OW9 FR3 VAR2 PR5 18 53 74,95 197,15  
Pareto 28 GRFL2 OW9 FR3 VAR3 PR5 17 52 75,11 195,44 8.033 
Pareto 29 GRFL2 OW8 FR3 VAR4 PR5 17 52 75,21 194,91 8.170 
Pareto 30 GRFL2 OW8 FR4 VAR4 PR5 17 52 75,38 194,72 8.195 
Pareto 31 GRFL3 OW9 FR3 VAR3 PR5 15 51 75,53 193,27 8.312 
Pareto 32 GRFL2 OW9 FR3 VAR4 PR5 15 50 75,63 192,29 8.361 
Pareto 33 GRFL2 OW9 FR4 VAR4 PR5 15 50 75,80 192,08 8.388 
Pareto 34 GRFL2 OW9 FR5 VAR4 PR5 15 50 76,04 192,05 8.398 
Pareto 35 GRFL3 OW9 FR3 VAR4 PR5 14 49 76,05 190,11 8.660 
Pareto 36 GRFL3 OW9 FR4 VAR4 PR5 14 49 76,23 189,89 8.688 
Pareto 37 GRFL3 OW9 FR5 VAR4 PR5 13 49 76,46 189,85 8.699 
Pareto 38 GRFL3 OW9 FR3 VAR4 PR7 13 49 76,75 189,65 8.789 
Pareto 39 GRFL3 OW9 FR4 VAR4 PR7 13 48 76,92 189,43 8.818 
Pareto 40 GRFL3 OW9 FR5 VAR4 PR7 13 48 77,16 189,39 8.829 
The option with the highest life cycle external cost of all options analysed equals K103 and 
E146. Compared to this option, a reduction in the life cycle external cost of 41% is achieved 
by the sub-optimum. Moreover, this results in a reduction in the life cycle financial cost of 6% 
for an extra financial investment of 48 euro/m² floor. Compared to the ‘remaining’ cost of the 
dwelling representative of the period 1991 - 2001, the LE of the sub-optimum is 41% lower, 
while the LF is 6% lower. 
An identical analysis of the skeleton variants reveals that the first Pareto option (lowest IE) is 
characterised by K47 and E84. The absolute optimum based on external cost is 
characterised by K11 and E48. The sub-optimum equals K12 and E48, which are 
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respectively 2 and 1 points lower than for the corresponding solid variant. The first Pareto 
optimum, the sub-optimum and the absolute optimum are summarised in Table 13.51. A 23% 
reduction in the LE is achieved by the sub-optimum compared to the first Pareto option. This 
option requires an extra financial investment of 7% (77 euro/m² floor), but leads to a 
decrease in the life cycle financial cost of 2,4%. 
Table 13.51 Semi-detached 1991 – 2001: first Pareto optimum (lowest IE), the sub-optimum and 
the absolute optimum for the skeleton variants based on external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW17b FR9 VAR1 PR0 47 84 81,25 249,16  
Pareto 42 GRFL3 OW20b FR9 VAR4 PR5 12 48 88,67 191,86 9.476 
Pareto 47 GRFL3 OW20b FR10 VAR4 PR7 11 48 89,54 191,38 9.627 
Table 13.52 Semi-detached 1991-2001: Pareto options based on financial cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 67 106 1.019,96 3.434,80 
Pareto 2 GRFL0 OW8 FR1 VAR2 PR0 46 84 1.028,87 3.371,25 
Pareto 3 GRFL0 OW8 FR3 VAR2 PR0 45 83 1.031,36 3.370,63 
Pareto 4 GRFL1 OW8 FR1 VAR1 PR0 45 81 1.032,15 3.357,57 
Pareto 5 GRFL2 OW8 FR1 VAR1 PR0 41 77 1.032,98 3.337,80 
Pareto 6 GRFL2 OW8 FR1 VAR2 PR0 36 73 1.034,06 3.326,61 
Pareto 7 GRFL3 OW8 FR1 VAR1 PR0 40 75 1.035,72 3.325,60 
Pareto 8 GRFL3 OW8 FR1 VAR2 PR0 35 72 1.036,80 3.314,26 
Pareto 9 GRFL3 OW8 FR3 VAR2 PR0 35 71 1.039,29 3.313,55 
Pareto 10 GRFL2 OW8 FR1 VAR1 PR1 31 66 1.045,58 3.303,38 
Pareto 11 GRFL2 OW8 FR1 VAR2 PR1 26 62 1.046,66 3.291,06 
Pareto 12 GRFL3 OW8 FR1 VAR1 PR1 29 64 1.048,32 3.290,91 
Pareto 13 GRFL2 OW8 FR3 VAR2 PR1 26 62 1.049,15 3.290,28 
Pareto 14 GRFL3 OW8 FR1 VAR2 PR1 25 61 1.049,40 3.278,43 
Pareto 15 GRFL3 OW8 FR3 VAR2 PR1 24 60 1.051,89 3.277,64 
Pareto 16 GRFL3 OW8 FR1 VAR2 PR9 23 59 1.055,85 3.276,20 
Pareto 17 GRFL3 OW8 FR1 VAR2 PR10 21 57 1.057,65 3.270,70 
Pareto 18 GRFL3 OW8 FR1 VAR2 PR11 21 56 1.059,50 3.268,65 
Pareto 19 GRFL3 OW8 FR3 VAR2 PR11 20 56 1.061,99 3.267,82 
Pareto 20 GRFL3 OW8 FR1 VAR2 PR5 19 54 1.066,40 3.267,25 
Pareto 21 GRFL3 OW8 FR3 VAR2 PR5 18 54 1.068,89 3.266,41 
Pareto 22 GRFL2 OW1 FR1 VAR2 PR1 30 66 1.075,96 3.260,30 
Pareto 23 GRFL2 OW1 FR3 VAR2 PR1 30 66 1.078,26 3.259,87 
Pareto 24 GRFL3 OW1 FR1 VAR2 PR1 29 65 1.078,70 3.247,75 
Pareto 25 GRFL3 OW1 FR3 VAR2 PR1 28 64 1.081,00 3.247,30 
Pareto 26 GRFL3 OW2 FR1 VAR2 PR1 24 60 1.083,63 3.236,45 
Pareto 27 GRFL3 OW2 FR3 VAR2 PR1 24 59 1.085,89 3.235,85 
Pareto 28 GRFL3 OW3 FR1 VAR2 PR1 23 58 1.088,29 3.235,06 
Pareto 29 GRFL3 OW2 FR1 VAR2 PR9 23 58 1.090,07 3.233,89 
Pareto 30 GRFL3 OW2 FR1 VAR2 PR10 21 56 1.091,86 3.228,11 
Pareto 31 GRFL3 OW2 FR1 VAR2 PR11 20 56 1.093,71 3.225,91 
Pareto 32 GRFL3 OW2 FR3 VAR2 PR11 20 55 1.095,97 3.225,27 
Pareto 33 GRFL3 OW3 FR1 VAR2 PR11 18 53 1.098,36 3.223,79 
Pareto 34 GRFL3 OW3 FR3 VAR2 PR11 18 53 1.100,58 3.223,01 
Pareto 35 GRFL3 OW3 FR1 VAR2 PR5 17 51 1.105,23 3.221,72 
Pareto 36 GRFL3 OW3 FR3 VAR2 PR5 16 51 1.107,45 3.220,93 
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The option with the highest life cycle external cost of all analysed skeleton options equals 
K56 and E94, which is lower than the values for the corresponding solid variant. This can be 
explained by the fact that skeleton variants are foreseen with insulation between the skeleton 
for acoustical reasons which is not the case for the solid variant. Compared to this option, a 
28% reduction in the life cycle external cost is achieved by the sub-optimum. The life cycle 
cost is decreased by 4%. Compared to the ‘remaining’ cost of the dwelling representative of 
the period 1991 - 2001, the LE of the sub-optimum is 28% lower, while the LF is 4% lower. 
FINANCIAL AND TOTAL COST 
The Pareto set based on financial cost differs substantially from the one based on external 
cost (Table 13.52) and therefore decisions based on financial and external cost differ. As for 
the external cost, the absolute optimum requires a high extra investment cost for a small 
reduction in the life cycle financial cost. Therefore, Pareto option 40 can be seen as the sub-
optimum. It corresponds to a dwelling consisting of a non-insulated floor on grade, outer wall 
OW8 (stucco on 14 cm EPS), a non-insulated flat and pitched roof; and normal double 
glazing. This dwelling corresponds to K67 and E106. 
The actions in order of priority based on financial cost are thermally improved glazing 
combined with flat roof insulation (16 cm rock wool), insulation of the floor on grade (3, 10 
and 21 cm), pitched roof insulation (8 cm), increased flat roof insulation (cellular concrete 
slab with 14 cm resol), choosing another type of pitched roof with an increased insulation 
level (closely placed rafters with 14 and 18 cm rock wool) and finally opting for another type 
of outer wall (cavity wall with a brick veneer and 7,5 and 14 cm rock wool). These measures 
lead to the sub-optimum, characterised by K21 and E56 (Pareto 30 in Table 13.52). 
A similar analysis is executed for the total cost and is revealed to be in line with the financial 
cost to a great extent. However, differences are noticed, meaning that inclusion of the 
external cost in the total cost would influence the decisions. The first Pareto option, the sub-
optimum and the absolute optimum are summarised in Table 13.53 for both the solid and 
skeleton variants. 
Table 13.53 Semi-detached 1991 – 2001: first Pareto optimum (lowest IT), the sub-optimum and 
the absolute optimum for the solid and skeleton variants based on total cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IT (€/m² 
floor) 
LT (€/m² 
floor) 
Iover
(Kh) 
 
Pareto solid 1 GRFL0 OW8 FR0 VAR1 PR0 67 106 1091,08 3710,89  
Pareto solid 40 GRFL3 OW3 FR3 VAR2 PR5 16 51 1186,16 3416,17  
Pareto solid 41 GRFL3 OW3 FR3 VAR2 PR7 15 50 1191,73 3417,74 8.050
Pareto skeleton 1 GRFL0 OW17 FR9 VAR1 PR0 48 84 1185,27 4323,95  
Pareto skeleton 23 GRFL3 OW17b FR9 VAR2 PR11 18 53 1260,80 3501,09  
Pareto skeleton 26 GRFL3 OW18b FR9 VAR2 PR5 15 51 1272,76 3493,45 8.471
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
Based on the analysis of the initial financial cost versus the life cycle external cost (Figure 
13.64), actions for the solid alternatives are – in order of priority – thermally improved glazing 
combined with flat roof insulation (16 cm rock wool), floor insulation (10 cm), pitched roof 
insulation (8 cm), increased flat roof insulation (cellular concrete slab with 14 cm resol), 
increased floor insulation (21 cm), opting for another type of pitched roof with increased 
insulation (closely placed rafters with 14 and 18 cm rock wool) or – for a higher initial cost – 
increasing the insulation level to 30 cm, increased outer wall insulation (stucco on 20 cm 
EPS), increased pitched roof insulation (38 cm rock wool) and triple glazing. This leads to the 
solid sub-optimum, characterised by K13 and E49. For the skeleton alternatives the order of 
priority is more or less identical. However, all options consist of an identical flat roof (FJI 
profiles with 24 cm cellulose and 6 cm resol), except for the final options with an increased 
insulation level (30 cm cellulose and 8 cm resol). The skeleton sub-optimum is also 
characterised by K13 and E49.  
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In Table 13.54 the first, the sub-optimum and the absolute optimum are summarised for both 
the solid and skeleton variants.  
 
Figure 13.64 Semi-detached, 1991-2001: initial financial versus life cycle external cost. 
Table 13.54 Semi-detached 1991-2001: first Pareto optimum (lowest IF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost.  
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto solid 1 GRFL0 OW8 FR0 VAR1 PR0 67 106 1019,96 276,10  
Pareto solid 35 GRFL3 OW9 FR3 VAR4 PR7 13 49 1101,30 189,65 8.789
Pareto solid 37 GRFL3 OW9 FR5 VAR4 PR7 13 48 1113,34 189,39 8.829
Pareto skeleton 1 GRFL0 OW17 FR9 VAR1 PR0 48 84 1103,85 248,23  
Pareto skeleton 38 GRFL3 OW18 FR9 VAR4 PR5 13 49 1171,31 193,06 8.977
Pareto skeleton 48 GRFL3 OW20b FR11 VAR4 PR7 11 48 1229,32 191,38 9.621
Different decisions are taken based on the maximum reduction in the life cycle external cost 
for the lowest increase in life cycle financial cost. The Pareto optima are summarised in 
Table 13.55. The solid sub-optimum corresponds to K13 and E48, while the skeleton sub-
optimum is characterised by K11 and E48. The optima differ from the optima based on 
financial investment versus life cycle external cost. 
For the solid variants the Pareto options differ in outer walls (OW3, OW9), flat roof (FR3, FR4 
and FR5), pitched roof (PR5, PR7) and type of windows (VAR2, VAR4). The dwellings all 
consist of a floor on grade with 21 cm PUR. For the skeleton variants, the outer wall 
(OW18b, OW19b, OW20b), the flat roof (FR9, FR10), the pitched roof (PR11, PR5, PR7) and 
the type of windows (VAR2, VAR4) vary. The dwellings all consist of a floor on grade with 21 
cm PUR. 
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Figure 13.65 Semi-detached, 1991-2001: life cycle financial versus life cycle external cost. 
Table 13.55 Semi-detached 1991-2001: first Pareto optimum (lowest LF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
Pareto solid 1 GRFL3 OW3 FR3 VAR2 PR5 16 51 3220,93 195,23  
Pareto solid 6 GRFL3 OW3 FR3 VAR4 PR7 13 48 3246,68 189,80 8.565
Pareto solid 10 GRFL3 OW9 FR5 VAR4 PR7 13 48 3309,53 189,39 8.829
Pareto skeleton 1 GRFL3 OW18b FR9 VAR2 PR11 17 53 3297,16 200,75 8.105
Pareto skeleton 9 GRFL3 OW20b FR9 VAR4 PR7 11 48 3324,15 191,47 9.622
Pareto skeleton 10 GRFL3 OW20b FR10 VAR4 PR7 11 48 3328,32 191,38 9.627
CONTRIBUTION PHASES 
In Figure 13.66 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
the previous dwellings. For the existing dwelling, an initial cost is considered at the current 
prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to more recent dwellings. 
The importance of the financial cost in the total cost is confirmed from this graph. 
Furthermore, the difference between the financial and external costs becomes clear. While 
for the financial cost the periodic costs are the most important, followed by the investment 
cost, the heating cost is most important from an environmental point of view. The 
optimisation potential from an environmental point of view is therefore mainly the reduction in 
the energy use, while from a financial point of view the focus should be on the optimisation of 
cleaning, maintenance and replacement costs. 
A more detailed analysis of the external cost is presented in Figure 13.67 and Figure 13.68, 
analogous to the treatment of the previous dwellings. Heating remains the most important 
contributor to the external cost for all options. The life cycle external cost of the third extra 
optimal variant (last on graph in Figure 13.67), is 19% lower than of the earlier defined sub-
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optimum (6th on the graph in Figure 13.67). The net energy demand equals 38 kWh/m2, year 
which is higher than the maximum allowed for the passive standard (15 kWh/m2, year). 
 
Figure 13.66 Semi-detached, 1991-2001: financial and external costs for the different phases and 
processes for a selection of variants. 
 
Figure 13.67 Semi-detached, 1991-2001: external costs for the different phases and processes for 
a selection of variants. 
 
Figure 13.68 Semi-detached, 1991-2001: proportional distribution of the external costs for the 
different phases and processes for a selection of variants.11 
                                                 
11 The EOL E  is deducted from the IE. 
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Figure 13.68 reveals that for the dwelling representative of the period 1991-2001, the heating 
cost represents 73% of the life cycle cost while the construction of the dwelling is responsible 
for 22%. The construction cost gains importance for the optimal variants to 31% for both the 
sub-optimal solid variant and the extra optimal variant with improved air-tightness. 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.69. The elements which contribute most to the life cycle financial cost 
are the floor on grade and the outer walls. The life cycle external cost on the other hand is 
above all determined by the floor on grade, the outer walls, the services and the pitched roof. 
The elements which are not mentioned represent less than 10% of the life cycle cost. 
 
Figure 13.69 Semi-detached, 1991-2001: contribution of the different elements to the life cycle 
financial and external cost (exclusive heating) for the third extra environmental 
optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.56. 
The first Pareto option is identical for all scenarios. For a reduced life span of 30 years the 
optimal K and E values are higher for all costs (except for the first Pareto option). For a 
prolonged life span (120 years) the optimal values are identical based on the environmental 
and total cost optimisation, but lower based on the financial cost optimisation. 
Table 13.56 Semi-detached, 1991-2001: summary of the K and E values of the optima (IE/LE, 
IF/LF and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings.  
optima
first K67 E106 K67 E106 K67 E106 K67 E106 K67 E106 K67 E106 K67 E106 K67 E106 K67 E106
sub K28 E64 K25 E61 K25 E61 K14 E49 K21 E56 K16 E51 K14 E49 K16 E51 K16 E51
absolute K14 E49 K25 E61 K20 E56 K13 E48 K16 E51 K15 E50 K13 E48 K15 E50 K15 E50
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.04 Terraced houses 
13.04.01 Terraced dwelling, type 1 (before 1945) 
The selected dwelling consists of only a pitched roof (no flat roof) resulting in 3.360 variants 
(1.344 solid + 2.016 skeleton). The analysis is executed for dwellings equipped of a gas 
condensing boiler with and without a solar boiler, which leads to a doubling of the variants 
(6.720). The conclusions of the sensitivity analysis of the life span (30 and 120 years) are 
summarised at the end of this section. 
The external and financial costs of all variants are plotted on a single graph in Figure 13.70. 
The total costs are omitted to improve tangibility. The results reveal that the external cost on 
average represents 4% of the total cost, with a minimum of 4% and a maximum of 6%. The 
total cost is thus mainly determined by the financial cost. For the dwelling representative of 
the period before 1945, the external ‘remaining’ cost represents 10% of the total cost. The 
same trends are noticed as for the previous dwellings. 
 
Figure 13.70 Terraced, before 1945 – type 1: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.71. A differentiation (different symbol) 
is made between the dwellings with and without solar boiler. The Pareto front is determined 
for the solid and skeleton variants separately. The ‘remaining’ cost for the reference for the 
period ‘before 1945’ is not indicated since its life cycle external cost is much higher and 
would make the graph intangible. However, this cost is plotted on the graph in Figure 13.70. 
As for the previous dwellings, the skeleton variants lead to a higher investment cost than and 
approximately identical life cycle cost to the solid variants. The solar boiler requires an extra 
external investment cost of 8 to 9% (+ 6,41 euro/m² floor area) and results in a slightly lower 
(0 to -2%) life cycle cost than the dwellings without. 
The Pareto front of the solid variants is shown in Table 13.57, which equals the Pareto front 
of all options.  
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Figure 13.71 Terraced, before 1945 – type 1: initial versus life cycle external cost. 
The first Pareto optimum (lowest IE) consists of a non-insulated floor on grade, outer wall 
OW8 (stucco on 14 cm EPS), a non-insulated pitched roof, standard double glazing and a 
condensing gas boiler. This option corresponds to K50 and E84. From an environmental 
point of view, the first priority is pitched roof insulation (8 cm), floor insulation (3 cm) 
combined with thermally improved glazing, opting for insulated window frames, increased 
floor insulation (10 cm), triple glazing, increased insulation of the pitched roof (30 cm), 
increased floor insulation (21 cm) and finally opting for a solar boiler for domestic hot water. 
These measures lead to the sub-optimum, characterised by K12 and E40. A further reduction 
in the life cycle cost is possible by increasing the insulation level of the pitched roof to 38 cm, 
but this extra step requires a relatively high extra external investment. 
The first Pareto optimum requires an initial financial investment cost of 1.096 euro/m² floor 
and results in a financial life cycle cost of 3.556 euro/m² floor. To reach to Pareto 32, an extra 
investment of 127 euro/m² floor (12%) is required, and results in a 1% increase in life cycle 
financial cost. The life cycle external cost is reduced by 24%. A slightly higher reduction is 
achieved by the absolute optimum. 
The option with the highest life cycle external cost of all solid options is characterised by K76 
and E110. A reduction in the life cycle external cost of 33% and in the life cycle financial cost 
of 0,41% is achieved the sub-optimum (Pareto 32). Compared to the ‘remaining’ cost of the 
dwelling representative of the period before 1945, the LE of the sub-optimum is more than 
three times lower, while the LF is 19% higher. 
An identical analysis of the skeleton variants reveals that the first Pareto optimum and the 
absolute optimum are characterised by an approximately identical K and E-value to those for 
the solid variants (respectively K48 and E82; K10 and E39). This optimisation results in a 
reduction in the life cycle external cost of 24%, which is identical to the solid variants. As for 
the solid variants, this requires an increase in financial investment cost (9,6%) and leads to 
an increase in life cycle financial cost (11%). 
  
  KAREN ALLACKER | SUSTAINABLE BUILDING 
PART B | 13 Dwelling analysis P a g e  | 345 
Table 13.57 Terraced, before 1945 – type 1: Pareto options based on external cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto 1 GRFL0 OW8 PR0 VAR1 gas,cond. 50 84 68,56 198,87  
Pareto 2 GRFL0 OW9 PR0 VAR1 gas,cond. 48 83 68,78 198,53  
Pareto 3 GRFL0 OW8 PR1 VAR1 gas,cond. 37 71 69,00 183,98  
Pareto 4 GRFL0 OW9 PR1 VAR1 gas,cond. 35 70 69,22 183,28  
Pareto 5 GRFL1 OW8 PR1 VAR2 gas,cond. 28 64 69,85 175,99  
Pareto 6 GRFL2 OW8 PR1 VAR2 gas,cond. 25 61 69,93 172,60  
Pareto 7 GRFL2 OW8 PR1 VAR3 gas,cond. 24 60 70,05 171,37 8.117 
Pareto 8 GRFL3 OW8 PR1 VAR2 gas,cond. 24 60 70,13 171,34 8.146 
Pareto 9 GRFL3 OW8 PR1 VAR3 gas,cond. 23 59 70,26 170,10 8.318 
Pareto 10 GRFL2 OW8 PR1 VAR4 gas,cond. 22 59 70,35 169,50 8.375 
Pareto 11 GRFL3 OW9 PR1 VAR3 gas,cond. 21 58 70,47 169,09 8.398 
Pareto 12 GRFL3 OW8 PR1 VAR4 gas,cond. 21 58 70,56 168,23 8.587 
Pareto 13 GRFL3 OW9 PR1 VAR4 gas,cond. 20 57 70,77 167,20 8.670 
Pareto 14 GRFL2 OW8 PR10 VAR3 gas,cond. 20 57 71,57 166,98 8.848 
Pareto 15 GRFL2 OW8 PR5 VAR2 gas,cond. 17 55 71,57 164,79 9.296 
Pareto 16 GRFL2 OW8 PR5 VAR3 gas,cond. 16 54 71,70 163,54 9.512 
Pareto 17 GRFL3 OW8 PR5 VAR2 gas,cond. 16 54 71,78 163,51 9.550 
Pareto 18 GRFL3 OW8 PR5 VAR3 gas,cond. 15 53 71,90 162,25 9.776 
Pareto 19 GRFL2 OW8 PR5 VAR4 gas,cond. 15 53 72,00 161,66 9.851 
Pareto 20 GRFL3 OW9 PR5 VAR3 gas,cond. 14 52 72,12 161,04 9.898 
Pareto 21 GRFL3 OW8 PR5 VAR4 gas,cond. 13 52 72,20 160,38 10.131 
Pareto 22 GRFL3 OW9 PR5 VAR4 gas,cond. 12 51 72,42 159,15 10.259 
Pareto 23 GRFL3 OW9 PR7 VAR4 gas,cond. 11 50 73,03 158,85 10.438 
Pareto 24 GRFL3 OW3 PR7 VAR4 gas,cond. 11 50 74,77 158,72 10.247 
Pareto 25 GRFL2 OW8 PR5 VAR2 solar boiler 17 44 77,99 157,17 9.296 
Pareto 26 GRFL2 OW8 PR5 VAR3 solar boiler 16 44 78,11 155,92 9.512 
Pareto 27 GRFL3 OW8 PR5 VAR2 solar boiler 16 43 78,19 155,89 9.550 
Pareto 28 GRFL3 OW8 PR5 VAR3 solar boiler 15 43 78,32 154,64 9.776 
Pareto 29 GRFL2 OW8 PR5 VAR4 solar boiler 15 42 78,41 154,04 9.851 
Pareto 30 GRFL3 OW9 PR5 VAR3 solar boiler 14 41 78,53 153,42 9.898 
Pareto 31 GRFL3 OW8 PR5 VAR4 solar boiler 13 41 78,62 152,76 10.131 
Pareto 32 GRFL3 OW9 PR5 VAR4 solar boiler 12 40 78,83 151,53 10.259 
Pareto 33 GRFL3 OW9 PR7 VAR4 solar boiler 11 40 79,44 151,23 10.438 
Pareto 34 GRFL3 OW3 PR7 VAR4 solar boiler 11 39 81,19 151,10 10.247 
Similar to the Pareto set of the solid variants, a skeleton sub-optimum is identified. 
Compared to the first Pareto optimum, the reduction in the external life cycle cost equals 
23%. The financial investment cost is slightly increased to 10,4% (+123 euro/m² floor). But 
the life cycle financial cost is only slightly higher (<1%), in contrast to the absolute optimum. 
Consequently, the analysis again reveals that a reduction in the life cycle external cost may 
result in a reduction in the life cycle financial cost, but this is not necessarily true.  
The skeleton variant with the highest life cycle external cost of all options analysed is 
characterised by K57 and E91. In comparison to this dwelling, the skeleton sub-optimum 
leads to a reduction of 27% in the LE and of 0,2% in the LF and requires an 11% higher 
financial investment cost. Compared to the ‘remaining’ cost of the dwelling representative of 
the period before 1945, the LE of the skeleton sub-optimum is nearly three times lower, while 
the LF is 16% lower. 
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FINANCIAL AND TOTAL COST 
The Pareto optima based on financial cost differ substantially from the ones based on 
external cost (Table 13.58). Both Pareto sets start with a non-insulated floor on grade, outer 
wall 8 (stucco on 14 cm EPS), a non-insulated pitched roof, standard double glazing and a 
condensing gas boiler. The first priority (to reduce the life cycle financial cost) is insulating 
the floor on grade (10 cm), followed by thermally improved glazing, increased floor insulation 
(21 cm), insulation of the pitched roof (8 cm), opting for another type of pitched roof with a 
higher insulation level (closely placed rafters with 10, 14 and 18 cm rock wool), opting for 
another type of outer wall (OW1 = cavity wall with a brick veneer and 7,5 cm rock wool), and 
finally increased outer wall insulation (14 cm rock wool). These measures lead to the sub-
optimum based on financial cost (Pareto 21 in Table 13.58). The life cycle financial cost can 
further be reduced by increasing the insulation level of the pitched roof to 38 cm. This extra 
measure requires a high extra investment for only a minor reduction in the life cycle cost. The 
options on the Pareto front which are not of interest because the increase in initial cost is too 
high compared to the reduction in the life cycle cost are indicated in italics in Table 13.58. 
The financial sub-optimum is characterised by K19 and E56. It consists of a floor on grade 
with 21 cm PUR, outer wall type 2 (cavity wall with 14 cm rock wool and a brick veneer), 
pitched roof 10 (closely placed rafters with 14 cm rock wool), thermally improved glazing and 
a condensing gas boiler. The life cycle external cost of this option however equals 167 
euro/m² floor area, while the life cycle external cost of the absolute optimum based on 
financial cost equals 162 euro/m² floor, which is 3% lower. 
Table 13.58 Terraced, before 1945 – type 1: Pareto options based on financial cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window services K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover
(Kh) 
 
Pareto 1 GRFL0 OW8 PR0 VAR1 gas, cond. 50 84 1.096,10 3.556,18  
Pareto 2 GRFL0 OW8 PR0 VAR2 gas, cond. 46 81 1.100,77 3.555,02  
Pareto 3 GRFL2 OW8 PR0 VAR1 gas, cond. 42 77 1.101,92 3.534,82  
Pareto 4 GRFL2 OW8 PR0 VAR2 gas, cond. 38 74 1.102,66 3.528,89  
Pareto 5 GRFL3 OW8 PR0 VAR1 gas, cond. 41 76 1.102,66 3.525,81  
Pareto 6 GRFL3 OW8 PR0 VAR2 gas, cond. 37 73 1.103,40 3.519,82  
Pareto 7 GRFL2 OW8 PR1 VAR2 gas, cond. 25 61 1.112,82 3.498,11  
Pareto 8 GRFL3 OW8 PR1 VAR1 gas, cond. 28 63 1.112,82 3.495,44 8.482 
Pareto 9 GRFL3 OW8 PR1 VAR2 gas, cond. 24 60 1.113,56 3.488,89 8.146 
Pareto 10 GRFL3 OW8 PR9 VAR2 gas, cond. 21 58 1.119,17 3.487,25 8.530 
Pareto 11 GRFL3 OW8 PR10 VAR2 gas, cond. 19 57 1.120,72 3.482,70 8.881 
Pareto 12 GRFL3 OW8 PR11 VAR2 gas, cond. 18 56 1.122,32 3.481,07 9.079 
Pareto 13 GRFL2 OW1 PR1 VAR2 gas, cond. 28 64 1.128,10 3.480,24 7.550 
Pareto 14 GRFL3 OW8 PR5 VAR2 gas, cond. 16 54 1.128,32 3.480,23 9.550 
Pareto 15 GRFL3 OW1 PR1 VAR2 gas, cond. 26 63 1.128,84 3.471,04 7.728 
Pareto 16 GRFL3 OW2 PR1 VAR2 gas, cond. 23 60 1.131,38 3.466,21 8.017 
Pareto 17 GRFL3 OW3 PR1 VAR2 gas, cond. 22 59 1.133,77 3.466,01 8.081 
Pareto 18 GRFL3 OW1 PR10 VAR2 gas, cond. 22 59 1.135,99 3.464,87 8.399 
Pareto 19 GRFL3 OW2 PR9 VAR2 gas, cond. 21 58 1.136,98 3.464,37 8.396 
Pareto 20 GRFL3 OW1 PR11 VAR2 gas, cond. 21 58 1.137,59 3.463,24 8.580 
Pareto 21 GRFL3 OW2 PR10 VAR2 gas, cond. 19 56 1.138,52 3.459,65 8.742 
Pareto 22 GRFL3 OW2 PR11 VAR2 gas, cond. 18 55 1.140,12 3.457,92 8.938 
Pareto 23 GRFL3 OW3 PR11 VAR2 gas, cond. 17 54 1.142,51 3.457,33 9.024 
Pareto 24 GRFL3 OW2 PR5 VAR2 gas, cond. 16 53 1.146,12 3.456,88 9.401 
Pareto 25 GRFL3 OW3 PR5 VAR2 gas, cond. 14 52 1.148,50 3.456,11 9.500 
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The skeleton sub-optimum based on financial cost consists of floor on grade with 21 cm 
PUR, outer wall OW10 (timber framed wall with 14 cm cellulose and a brick veneer), pitched 
roof PR10 (closely placed rafters + 14 cm rock wool) and thermally improved glazing. This 
dwelling equals K22 and E61. 
A similar analysis is executed for the total cost. The Pareto options correspond to a large 
extent to the optimal variants based on financial cost. However, differences are noticed. 
Inclusion of the external costs would therefore influence the decisions for a certain financial 
budget. 
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
Based on the analysis of the initial financial cost versus the life cycle external cost (Figure 
13.72), the actions in order of priority for the solid alternatives are increased outer wall 
insulation (stucco on 20 cm EPS), thermally improved glazing, floor on grade insulation (3, 
10 and 21 cm PUR), pitched roof insulation (8, 14, 18 and 30 cm), triple glazing and opting 
for a solar boiler. These measures lead to the sub-optimum based on initial financial versus 
life cycle external cost. To reach to the absolute optimum, one should increase the insulation 
level of the pitched roof or/and opt for another type of outer wall (cavity wall with a brick 
veneer and 20 cm rock wool). For the skeleton alternatives the order of priorities is more or 
less identical.  
In Table 13.59 the first Pareto optimum, the sub-optimum and the absolute optimum are 
summarised for the solid and skeleton variants. The sub-optima for the solid and skeleton 
variants correspond to K12 – E40 and K12 – E41 respectively. 
 
Figure 13.72 Terraced, before 1945 – type 1: initial financial versus life cycle external cost. 
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Table 13.59 Terraced, before 1945 – type 1: first Pareto optimum (lowest IF), sub-optimum and 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost.  
  
floor 
on 
grade 
outer 
wall 
pitched 
roof window services K E 
IF (€/m² 
floor) 
LE 
(€/m² 
floor) 
Iover 
(Kh) 
Pareto solid 1 GRFL0 OW8 PR0 VAR1 gas, cond. 50 84 1.096,10 198,87  
Pareto solid 40 GRFL3 OW9 PR5 VAR4 solar boiler 12 40 1.223,13 151,53 10.259
Pareto solid 42 GRFL3 OW3 PR7 VAR4 solar boiler 11 39 1.243,91 151,10 10.247
Pareto skeleton 1 GRFL0 OW17 PR0 VAR1 gas, cond. 48 82 1.157,38 199,49  
Pareto skeleton 42 GRFL3 OW17 PR5 VAR4 solar boiler 12 41 1.279,98 153,87 10.353
Pareto skeleton 45 GRFL3 OW19 PR7 VAR4 solar boiler 10 39 1.289,96 152,58 10.620
The analysis based on life cycle financial versus life cycle external cost reveals that a 
different choice is made than for decisions based on the initial financial versus the life cycle 
external cost. For the solid variants the Pareto optima differ in window type (VAR2, VAR4), 
insulation level of the pitched roof (30 and 38 cm) and inclusion of a solar boiler or not. All 
options consist of a floor on grade with 21 cm PUR and a cavity wall with 20 cm rock wool 
and a brick veneer. 
For the skeleton variants, the outer walls (OW17b, 18b, 19b, 20b and 19), the window type 
(VAR2, VAR4), the insulation level of the pitched roof (30 and 38 cm) and the technical 
installation vary (with and without solar boiler). All options consist of a floor on grade with 21 
cm PUR. 
The Pareto optima are summarised in Table 13.60. The solid sub-optimum corresponds to 
K11 and E39 (Pareto solid 8), while the skeleton sub-optimum corresponds to K11 and E40. 
 
Figure 13.73 Terraced dwelling, before 1945 – type 1: life cycle financial versus life cycle external 
cost. 
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Table 13.60 Terraced, before 1945 – type 1: first Pareto optimum (lowest LF), sub-optimum and 
absolute optimum for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor 
on 
grade 
outer 
wall 
pitched 
roof window services K E 
LF (€/m² 
floor) 
LE 
(€/m² 
floor) 
Iover 
(Kh) 
Pareto solid 1 GRFL3 OW3 PR5 VAR2 gas, cond. 14 52 3.456,11 162,22 9.500 
Pareto solid 8 GRFL3 OW3 PR7 VAR4 solar boiler 11 39 3.562,84 151,10 10.247
Pareto skelet 1 GRFL3 OW17b PR5 VAR2 gas, cond. 15 53 3.547,94 164,39 9.648 
Pareto skelet 22 GRFL3 OW18b PR7 VAR4 solar boiler 11 40 3.655,39 152,89 10.655
Pareto skelet 25 GRFL3 OW19 PR7 VAR4 solar boiler 10 39 4.015,63 152,58 10.620
CONTRIBUTION PHASES 
In Figure 13.74 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
for the previous dwellings. The same conclusions are valid. The optimisation potential from 
an environmental point of view is mainly on the reduction in the energy use, while from a 
financial point of view the focus should be on the optimisation of cleaning, maintenance and 
replacement costs. 
A more detailed analysis of the external cost is presented in Figure 13.75 and Figure 13.76, 
analogous to the treatment of the previous dwellings. For the optima the heating cost is 
reduced to such an extent that the investment cost becomes approximately equally or more 
important. The life cycle external cost of the third extra sub-optimal variant (last on graph in 
Figure 13.75) is 17% lower than of the earlier defined sub-optimum (6th on the graph in 
Figure 13.75). The net energy demand equals 27 kWh/m2 per year which is higher than the 
maximum allowed for the passive standard (15 kWh/m2 per year). 
 
Figure 13.74 Terraced, before 1945 – type 1: financial and external costs for the different phases 
and processes for a selection of variants. 
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Figure 13.75 Terraced, before 1945 – type 1: external costs for the different phases and 
processes for a selection of variants. 
Figure 13.76 reveals that for the dwelling built before 1945, the heating cost represents 87% 
of the life cycle cost while the construction of the dwelling is responsible for 11%. The 
construction cost gains importance for the optima to 32% for the solid sub-optimum and to 
41% for the extra optimal variant with improved air-tightness. 
 
Figure 13.76 Terraced, before 1945 – type 1: proportional distribution of the external costs for the 
different phases and processes for a selection of variants.12 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.77. The elements which contribute most to the life cycle financial cost 
are the stairs, the non-bearing inner walls and the separation walls. The life cycle external 
cost on the other hand is above all determined by the services, the separation walls and the 
floor on grade. The elements which are not mentioned represent less than 10% of the life 
cycle cost. 
                                                 
12 The EOL E  is deducted from the IE. 
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Figure 13.77 Terraced, before 1945 – type 1: contribution of the different elements to the life cycle 
financial and external cost (exclusive heating) for the third extra environmental 
optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.61. 
The first Pareto option is identical for all scenarios. For a reduced life span of 30 years the 
optimal K and E values are higher for all costs (except for the first Pareto option). For a 
prolonged life span (120 years) the optimal values based on the environmental cost 
optimisation are approximately identical. Based on the financial and total cost optimisation, 
the absolute optima are characterised by identical values as for the life span of 60 years. The 
sub-optima correspond to lower values. 
Table 13.61 Terraced, before 1945 – type 1: summary of the K and E values of the optima (IE/LE, 
IF/LF and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings. 
  
optima
first K50 E84 K50 E84 K50 E84 K50 E84 K50 E84 K50 E84 K50 E84 K50 E84 K50 E84
sub K12 E51 K24 E60 K24 E60 K12 E40 K19 E56 K19 E56 K11 E40 K14 E52 K14 E52
absolute K12 E40 K24 E60 K18 E56 K11 E39 K14 E52 K14 E52 K11 E39 K14 E52 K14 E52
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.04.02 Terraced dwelling, type 2 (period before 1945) 
The selected dwelling consists of only a pitched roof (no flat roof) resulting in 3.360 variants 
(1.344 solid + 2.016 skeleton). The analysis is executed for dwellings with a ventilation 
system C and C+, which leads to a doubling of the variants (6.720). The conclusions of the 
sensitivity analysis of the life span (30 and 120 years) are summarised at the end of this 
section. 
The external and financial costs of all variants are plotted on a single graph in Figure 13.78. 
The total costs are omitted to improve tangibility. The results reveal that the external cost on 
average represents 5% of the total cost, with a minimum of 3% and a maximum of 6%. The 
total cost is thus mainly determined by the financial cost. For the dwelling representative of 
the period before 1945, the external ‘remaining’ cost represents 9% of the total cost. 
Ventilation system C+ requires a higher financial investment cost, but leads to a lower life 
cycle financial cost. 
 
Figure 13.78 Terraced, before 1945 – type 2: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.79. A differentiation (different symbol) 
is made between the dwellings with ventilation system C and C+. The Pareto front is 
determined for the solid and skeleton variants separately. The ‘remaining’ cost for the 
reference for the period ‘before 1945’ is not indicated since its life cycle external cost is much 
higher and would make the graph intangible. However, this cost is plotted on the graph in 
Figure 13.78. 
The skeleton variants lead to a higher investment than, but identical life cycle cost to the 
solid variants. Ventilation system C+ requires a small extra external investment cost (0 to 
2%), but leads to a decrease in the life cycle external cost of 7 to 11%. These are therefore 
situated on the Pareto fronts. 
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Figure 13.79 Terraced, before 1945 – type 2: initial versus life cycle external cost. 
The Pareto front of the solid variants is shown in Table 13.62, which equals the Pareto front 
of all options. The first Pareto optimum (lowest IE) consists of a non-insulated floor on grade, 
outer wall type OW8 (stucco on 14 cm EPS), a non-insulated pitched roof, standard double 
glazing and ventilation system C. This option corresponds to K44 and E99. 
From an environmental point of view, the first priority to achieve the highest reduction in the 
life cycle cost for the smallest increase in initial cost is ventilation system C+, pitched roof 
insulation (8 cm), thermally improved glazing, floor insulation (3 and 10 cm), insulated 
window frames, increased outer wall insulation (20 cm), triple glazing, increased pitched roof 
insulation (30 cm) and finally increased floor insulation (21 cm). This leads to the sub-
optimum on the Pareto front, characterised by K11 and E64. Further optimisation is possible 
by increasing the insulation of the pitched roof to 38 cm and opting for another type of outer 
wall (cavity wall with a brick veneer and 20 cm rock wool). However, these last optimisation 
steps are situated on the non-steep decline part of the Pareto front and can therefore be 
questioned.  
The less interesting optimisation steps to reach the sub-optimum are indicated in italics in 
Table 13.62.  
The first Pareto optimum (lowest IE) requires an initial financial investment cost of 879 
euro/m² floor and results in a life cycle financial cost of 2.832 euro/m² floor. To reach to the 
sub-optimum, an extra investment of 58 euro/m² floor (7%) is required, and results in a 
reduction in the life cycle financial cost of 2% (63 euro/m² floor). The life cycle external cost is 
reduced by 31%. 
A reduction of 31% is also achieved by the absolute optimum. However, this option requires 
an extra financial investment of 78 euro/m² floor (9%), but leads to a slightly higher reduction 
in the life cycle financial cost (3% reduction instead of 2%). 
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Table 13.62 Terraced, before 1945 – type 2: Pareto options based on external cost for the solid 
alternatives. 
floor on 
grade 
outer 
wall 
pitched 
roof window ventil. K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
Pareto 1 GRFL0 OW8 PR0 VAR1 C 44 99 47,99 162,40  
Pareto 2 GRFL0 OW8 PR0 VAR1 C+ 44 94 48,16 149,74  
Pareto 3 GRFL0 OW9 PR0 VAR1 C+ 43 92 48,39 149,04  
Pareto 4 GRFL0 OW8 PR1 VAR1 C+ 36 85 48,40 139,36  
Pareto 5 GRFL0 OW9 PR1 VAR1 C+ 34 84 48,58 138,47  
Pareto 6 GRFL0 OW8 PR1 VAR2 C+ 27 78 48,78 131,54  
Pareto 7 GRFL1 OW8 PR1 VAR2 C+ 25 76 48,84 128,79  
Pareto 8 GRFL2 OW8 PR1 VAR2 C+ 24 75 49,03 127,15  
Pareto 9 GRFL1 OW8 PR1 VAR3 C+ 23 74 49,08 126,12  
Pareto 10 GRFL2 OW8 PR1 VAR3 C+ 21 73 49,22 124,44  
Pareto 11 GRFL2 OW9 PR1 VAR3 C+ 20 71 49,45 123,39  
Pareto 12 GRFL1 OW8 PR1 VAR4 C+ 20 71 49,67 121,77  
Pareto 13 GRFL2 OW8 PR1 VAR4 C+ 18 69 49,85 120,09  
Pareto 14 GRFL2 OW9 PR1 VAR4 C+ 17 68 50,08 118,99 8.066 
Pareto 15 GRFL2 OW8 PR5 VAR3 C+ 17 68 50,29 118,90 8.213 
Pareto 16 GRFL3 OW9 PR1 VAR4 C+ 16 68 50,42 118,42 8.169 
Pareto 17 GRFL2 OW9 PR5 VAR3 C+ 15 67 50,52 117,71 8.303 
Pareto 18 GRFL1 OW8 PR5 VAR4 C+ 15 67 50,69 116,13 8.522 
Pareto 19 GRFL2 OW8 PR5 VAR4 C+ 13 66 50,88 114,39 8.750 
Pareto 20 GRFL2 OW9 PR5 VAR4 C+ 12 65 51,11 113,15 8.849 
Pareto 21 GRFL3 OW9 PR5 VAR4 C+ 11 64 51,45 112,56 8.969 
Pareto 22 GRFL3 OW9 PR7 VAR4 C+ 11 64 51,84 112,30 9.054 
Pareto 23 GRFL3 OW3 PR7 VAR4 C+ 11 64 53,71 112,14 8.950 
The option with the highest life cycle external cost of all solid options is characterised by K66 
and E123. A reduction in the life cycle external cost of 40% and in the life cycle financial cost 
of 3% is achieved by Pareto 21. Compared to the ‘remaining’ cost of the dwelling 
representative of the period before 1945, the LE of the solid sub-optimum (Pareto 21) is 
nearly three times lower, while the LF is 7% lower. 
The first skeleton Pareto optimum is characterised by K42 and E98. The absolute optimum 
results in a 30% reduction in the life cycle external cost, which is approximately identical to 
that for the solid variants. This environmental improvement requires an increase in financial 
investment (4%) and results in an increase in life cycle financial cost (11%). The absolute 
optimum is characterised by K10 and E63. 
The skeleton variant with the highest life cycle external cost of all analysed options is 
characterised by K49 and E105. In comparison to this dwelling, the skeleton sub-optimum 
leads to a reduction of 33% in the LE and of 3% in the LF for an extra financial investment of 
6% (61 euro/m² floor). Compared to the ‘remaining’ cost of the dwelling representative of the 
period before 1945, the LE of the skeleton sub-optimum is nearly three times lower, while the 
LF is 9% higher. 
FINANCIAL AND TOTAL COST 
The Pareto set based on financial cost differs substantially from the one based on external 
cost (Table 13.63). Starting with the same dwelling variant, the first priority (to reduce the life 
cycle financial cost) is thermally improved glazing, followed by floor insulation (3, 10 and 21 
cm), ventilation system C+, pitched roof insulation (8, 14 and 18 cm) and another type of 
outer wall (cavity wall with a brick veneer and 7,5 and 14 cm rock wool). This leads to the 
sub-optimum, characterised by K20 and E71. The absolute optimum based on financial cost 
is characterised by K17 and E68. This requires a higher insulation level of the outer walls (20 
cm rock wool) and of the pitched roof (30 cm rock wool). 
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Table 13.63 Terraced, before 1945 – type 2: Pareto options based on financial cost for the solid 
alternatives. 
floor on 
grade 
outer 
wall 
pitched 
roof window ventil. K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 PR0 VAR1 C 44 99 879,43 2.832,15  
Pareto 2 GRFL0 OW8 PR0 VAR2 C 35 93 882,35 2.817,74  
Pareto 3 GRFL1 OW8 PR0 VAR2 C 33 91 883,98 2.810,65  
Pareto 4 GRFL2 OW8 PR0 VAR2 C 32 89 884,25 2.802,50  
Pareto 5 GRFL3 OW8 PR0 VAR2 C 31 88 885,16 2.795,11  
Pareto 6 GRFL0 OW8 PR0 VAR2 C+ 35 87 887,89 2.789,25  
Pareto 7 GRFL1 OW8 PR0 VAR2 C+ 33 85 889,52 2.782,05  
Pareto 8 GRFL2 OW8 PR0 VAR2 C+ 32 83 889,78 2.773,83  
Pareto 9 GRFL3 OW8 PR0 VAR2 C+ 31 83 890,70 2.766,41  
Pareto 10 GRFL1 OW8 PR1 VAR2 C+ 25 76 896,91 2.761,72  
Pareto 11 GRFL2 OW8 PR1 VAR2 C+ 24 75 897,18 2.753,41  
Pareto 12 GRFL3 OW8 PR1 VAR2 C+ 23 74 898,09 2.745,94  
Pareto 13 GRFL3 OW8 PR9 VAR2 C+ 21 73 901,42 2.744,06  
Pareto 14 GRFL3 OW8 PR10 VAR2 C+ 20 71 902,45 2.740,91  
Pareto 15 GRFL3 OW8 PR11 VAR2 C+ 20 71 903,51 2.739,73  
Pareto 16 GRFL3 OW8 PR5 VAR2 C+ 18 69 907,44 2.738,91 8.002 
Pareto 17 GRFL2 OW1 PR1 VAR2 C+ 26 77 913,44 2.733,06  
Pareto 18 GRFL3 OW1 PR1 VAR2 C+ 25 76 914,35 2.725,60  
Pareto 19 GRFL3 OW2 PR1 VAR2 C+ 23 74 917,13 2.720,90  
Pareto 20 GRFL3 OW3 PR1 VAR2 C+ 22 73 919,68 2.720,56  
Pareto 21 GRFL3 OW1 PR11 VAR2 C+ 22 73 920,11 2.720,04  
Pareto 22 GRFL3 OW2 PR9 VAR2 C+ 21 72 920,80 2.719,51  
Pareto 23 GRFL3 OW2 PR10 VAR2 C+ 20 71 921,48 2.715,68  
Pareto 24 GRFL3 OW2 PR11 VAR2 C+ 19 70 922,53 2.714,45  
Pareto 25 GRFL3 OW3 PR11 VAR2 C+ 18 69 925,08 2.713,88  
Pareto 26 GRFL3 OW2 PR5 VAR2 C+ 18 69 926,46 2.713,52  
Pareto 27 GRFL3 OW3 PR5 VAR2 C+ 17 68 929,01 2.712,84 8.008 
A similar analysis is executed for the total cost. The Pareto options correspond to a large 
extent to the optimal variants based on financial cost. Although differences are noticed, the 
absolute optimum based on total cost is identical to the one based on financial cost. The sub-
optimum differs in insulation level of the pitched roof (PR11 instead of PR10).  
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
To achieve the highest reduction in life cycle external cost for the smallest increase in 
financial investment cost, priorities are identified for the solid and skeleton variants. For the 
solid alternatives actions in order of priority are thermally improved glazing, floor insulation 
(10 cm), ventilation system C+, pitched roof insulation (8, 14 and 18 cm), increased outer 
wall insulation (20 cm), increased pitched roof insulation (30 cm) and triple glazing. This 
leads to the sub-optimum. For a further decrease in the life cycle external cost outer wall 
OW9 (stucco on 20 cm EPS) should be changed to OW3 (cavity wall with 20 cm rock wool 
and a brick veneer), the floor insulation should be increased to 21 cm and/or the pitched roof 
insulation should be increased to 38 cm. As can be seen from Figure 13.80, these measures 
require a high extra financial investment for a minor decline in life cycle external cost.  
For the skeleton alternatives the order of priority of the actions is more or less identical. 
However, 21 cm insulation of the floor gains preference above triple glazing.  
In Table 13.64 the first Pareto optimum, the sub-optimum and the absolute optimum are 
summarised for both the solid and skeleton variants. The sub-optimal option for the solid 
variants corresponds to K12 and E65, for the skeleton variants to K11 and E64. 
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Figure 13.80 Terraced, before 1945 – type 2: initial financial versus life cycle external cost. 
Table 13.64 Terraced, before 1945 – type 2: the first Pareto optimum (lowest IF), the sub-optimum 
and the absolute optimum for the solid and skeleton variants based on financial 
investment versus life cycle external cost.  
  
floor on 
grade 
outer 
wall 
pitched 
roof window ventil. K E 
IF (€/m² 
floor) 
LE 
(€/m² 
floor) 
Iover 
(Kh) 
Pareto solid 1 GRFL0 OW8 PR0 VAR1 C 44 99 879,43 162,40  
Pareto solid 45 GRFL2 OW9 PR5 VAR4 C+ 12 65 936,58 113,15 8.849
Pareto solid 48 GRFL3 OW3 PR7 VAR4 C+ 11 64 957,92 112,14 8.950
Pareto skeleton 1 GRFL0 OW17 PR0 VAR1 C 43 98 938,90 164,62 6.646
Pareto skeleton 44 GRFL3 OW18 PR5 VAR4 C+ 11 64 995,87 115,47 9.060
Pareto skeleton 47 GRFL3 OW19 PR7 VAR4 C+ 10 63 1.000,73 114,87 9.166
The analysis based on life cycle financial versus life cycle external cost reveals that a 
different choice is made than for decisions based on the initial financial versus the life cycle 
external cost. 
For the solid variants the Pareto options consist of a floor on grade with 21 cm PUR, a cavity 
wall with 20 cm rock wool and ventilation system C+. The pitched roof varies from type 5 to 
type 7 (purlins and rafters with 30 and 38 cm insulation) and the window type varies from 
thermally improved glazing to triple glazing. 
For the skeleton variants, the outer wall (OW17, OW17b, OW18b, OW19b, OW20b and 
OW19), the pitched roof (PR5, PR7, PR11) and the window type (VAR2, VAR4) vary. The 
other elements remain constant and consist of a floor on grade with 21 cm PUR and 
ventilation system C+. 
The Pareto optima are summarised in Table 13.65. The solid sub-optimum corresponds to 
K11 and E64, the skeleton sub-optimum to K10 and E64. 
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Figure 13.81 Terraced, before 1945 – type 2: life cycle financial versus life cycle external cost. 
Table 13.65 Terraced, before 1945 – type 2: the first Pareto optimum (lowest LF) and the sub-
optimum (= absolute optimum) for the solid and skeleton variants based on life cycle 
financial versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
pitched 
roof window vent. K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
Pareto solid 1 GRFL3 OW3 PR5 VAR2 C+ 17 68 2.712,84 119,82 8.008
Pareto solid 3 GRFL3 OW3 PR5 VAR4 C+ 11 64 2.740,30 112,42 8.867
Pareto solid 4 GRFL3 OW3 PR7 VAR4 C+ 11 64 2.741,49 112,14 8.950
Pareto skeleton 1 GRFL3 OW10 PR5 VAR2 C+ 20 71 2.791,99 127,71  
Pareto skeleton 10 GRFL3 OW19b PR7 VAR4 C+ 10 64 2.823,71 115,06 9.285
Pareto skeleton 12 GRFL3 OW19 PR7 VAR4 C+ 10 63 3.209,40 114,87 9.166
CONTRIBUTION PHASES 
In Figure 13.82 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
for the previous dwellings. For the existing dwelling, an initial cost is considered at the 
current prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to more recent dwellings. 
The same conclusions are valid. The optimisation potential from an environmental point of 
view is mainly the reduction in the energy use, while from a financial point of view the focus 
should be on the optimisation of cleaning, maintenance and replacement costs. 
A more detailed analysis of the external cost is presented in Figure 13.83 and Figure 13.84, 
analogous to the treatment of the previous dwellings. For the optima the heating cost is 
reduced to such an extent that the investment cost becomes approximately equally or even 
more important. 
The life cycle external cost of the third extra sub-optimal variant (last on graph in Figure 
13.83) is 26% lower than of the earlier defined sub-optimum (6th on the graph in Figure 
13.83). The net energy demand equals 7,8 kWh/m2 per year which is lower than the 
maximum allowed for the passive standard (15 kWh/m2 per year). 
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Figure 13.82 Terraced, before 1945 – type 2: financial and external costs for the different phases 
and processes for a selection of variants. 
 
Figure 13.83 Terraced, before 1945 – type 2: external costs for the different phases and 
processes for a selection of variants. 
 
Figure 13.84 Terraced, before 1945 – type 2: proportional distribution of the external costs for the 
different phases and processes for a selection of variants.13 
                                                 
13 The EOL E is deducted from the IE. 
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Figure 13.84 reveals that for the dwelling built before 1945 the heating cost represents 85% 
of the life cycle cost while the construction of the dwelling is responsible for 12%. The 
construction cost gains importance for the variants with reduced life cycle costs to 33% for 
the solid sub-optimum and to 41% for the extra optimal variant with improved air-tightness. 
These percentages represent the sum of the initial and end-of-life cost in order to consider 
the positive effect of recycling and re-use at the end of the life span within the comparison. 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.85. The elements which contribute most to the life cycle financial cost 
are the non-bearing inner walls, the separation walls, the intermediate floors and the stairs. 
The life cycle external cost on the other hand is above all determined by the intermediate 
floors, the outer walls, the floor on grade and the separation walls. The elements which are 
not mentioned represent less than 10% of the life cycle cost. 
 
Figure 13.85 Terraced, before 1945 – type 2: contribution of the different elements to the life cycle 
financial and external cost (exclusive heating) for the third extra environmental 
optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.66. The first Pareto option is identical for all scenarios. For a reduced life span of 30 years 
the optimal K and E values are higher for all costs (except for the first Pareto option). For a 
prolonged life span (120 years) the optimal values are approximately identical based on the 
environmental cost optimisation, while the values based on financial and total cost are lower. 
Table 13.66 Terraced, before 1945 – type 2: summary of the K and E values of the optima (IE/LE, 
IF/LF and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings.  
optima
first K44 E99 K44 E99 K44 E99 K44 E99 K44 E99 K44 E99 K44 E99 K44 E99 K44 E99
sub K12 E65 K23 E74 K23 E74 K11 E64 K20 E71 K19 E70 K12 E65 K17 E68 K17 E68
absolute K11 E64 K20 E71 K18 E69 K11 E64 K17 E68 K17 E68 K11 E64 K16 E67 K11 E64
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.04.03 Terraced dwelling, type 3 (1971 – 1990) 
The selected dwelling consists only of a flat roof (no pitched roof). This limits the number of 
variants to 1.536 (960 solid + 576 skeleton). The analysis is executed for dwellings with a 
ventilation system C and C+, which leads to a doubling of the variants (3.072). The 
conclusions of the sensitivity analysis of the life span (30 and 120 years) are summarised at 
the end of this section. 
The costs (external, financial and total) of all variants are plotted on a single graph in Figure 
13.86. The results reveal that the external cost on average represents 3% of the total cost, 
with a minimum of 4% and a maximum of 6%. The total cost is thus mainly determined by the 
financial cost. For the reference of the period 1971-1990, the external ‘remaining’ cost 
represents 5% of the total cost. 
 
Figure 13.86 Terraced, 1971 - 1990: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.87. A differentiation (different symbol) 
is made between the dwellings with ventilation system C and C+. The Pareto front is 
determined for the solid and skeleton variants separately. 
The skeleton variants lead to a higher investment than, but identical life cycle cost to, the 
solid variants. Ventilation system C+ requires a small extra external investment cost (<1%), 
but leads to a decrease in the life cycle external cost of 5 to 10%. These are therefore 
situated on the Pareto fronts. The Pareto front of the solid variants is shown in Table 13.67, 
which equals the Pareto front of all options. 
The first Pareto optimum (lowest IE) consists of a non-insulated floor on grade, outer wall 
OW8 (stucco on 14 cm EPS), a flat roof consisting of a cellular concrete slab with 14 cm 
resol, thermally improved glazing and ventilation system C. This option corresponds to K25 
and E69. 
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Figure 13.87 Terraced, 1971 - 1990: initial versus life cycle external cost. 
From an environmental point of view, the first priority to achieve the highest reduction in the 
life cycle cost for the smallest increase in initial cost is to opt for floor insulation (3 cm), 
ventilation system C+, insulated window frames, increased floor insulation (10 cm), triple 
glazing, increased outer wall insulation (20 cm) and increased flat roof insulation (20 cm). 
This leads to the sub-optimum (Pareto 14 in Table 13.67) characterised by K13 and E59. 
Increased floor or/and flat roof insulation lead to even lower life cycle external costs, but 
require a high extra initial environmental cost. The less interesting optimisation steps to 
reach the sub-optimum are indicated in italics in Table 13.67.  
Table 13.67 Terraced, 1971 - 1990: Pareto options based on external cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window ventil. K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 FR3 VAR2 C 25 69 39,89 116,21 10.035 
Pareto 2 GRFL1 OW8 FR3 VAR2 C 22 68 39,92 113,77 10.480 
Pareto 3 GRFL0 OW8 FR3 VAR2 C+ 25 64 40,02 106,21 9.984 
Pareto 4 GRFL1 OW8 FR3 VAR2 C+ 22 63 40,10 103,73 10.429 
Pareto 5 GRFL1 OW9 FR3 VAR2 C+ 21 62 40,28 102,99 10.581 
Pareto 6 GRFL1 OW8 FR3 VAR3 C+ 20 61 40,32 101,58 10.848 
Pareto 7 GRFL1 OW9 FR3 VAR3 C+ 19 61 40,50 100,82 11.010 
Pareto 8 GRFL2 OW8 FR3 VAR3 C+ 19 61 40,55 100,07 11.188 
Pareto 9 GRFL2 OW9 FR3 VAR3 C+ 17 60 40,73 99,29 11.361 
Pareto 10 GRFL1 OW8 FR3 VAR4 C+ 16 60 40,82 97,67 11.658 
Pareto 11 GRFL1 OW9 FR3 VAR4 C+ 15 59 41,00 96,90 11.840 
Pareto 12 GRFL2 OW8 FR3 VAR4 C+ 15 59 41,04 96,16 12.042 
Pareto 13 GRFL2 OW9 FR3 VAR4 C+ 14 59 41,23 95,38 12.237 
Pareto 14 GRFL2 OW9 FR4 VAR4 C+ 13 59 41,50 94,87 12.338 
Pareto 15 GRFL2 OW9 FR5 VAR4 C+ 12 58 41,88 94,65 12.368 
Pareto 16 GRFL3 OW9 FR4 VAR4 C+ 12 58 41,91 94,38 12.573 
Pareto 17 GRFL3 OW9 FR5 VAR4 C+ 12 58 42,28 94,16 12.604 
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The first Pareto optimum (lowest IE) requires an initial financial investment cost of 767 
euro/m² floor and results in a life cycle financial cost of 2.592 euro/m² floor. To reach to the 
sub-optimum (Pareto 14), an extra financial investment of 42 euro/m² floor (6%) is required, 
and results in a slight increase in the life cycle financial cost (< 1%). The life cycle external 
cost is reduced by 18%. 
A reduction of 19% is achieved for the absolute optimum - compared to Pareto 1. However, 
this option requires an extra financial investment of 57 euro/m² floor (7%) and results in an 
approximately identical life cycle financial cost to the sub-optimum. 
The option with the highest life cycle external cost of all solid options is characterised by 
K111 and E156. A reduction in the life cycle external cost of 50% and in the life cycle 
financial cost of 5% is achieved by the sub-optimum Pareto 14. The LE of the solid sub-
optimum is 14% lower than the ‘remaining’ external cost of the dwelling representative of the 
period 1971 - 1990, while the LF is 38% higher. 
The first skeleton Pareto optimum is characterised by E32 and K76, which are higher than 
the values of the corresponding solid variant. The K-value of the absolute optimum equals 
K10, which is two points lower than that of the solid absolute optimum. The E-values are 
identical (E58). The absolute optimum results in a 22% reduction in the life cycle external 
cost, which is slightly higher than for the solid variants. This environmental improvement 
requires an increase in financial investment (6%) and life cycle financial cost (10%). 
Similar to the Pareto set of the solid variants, the final options only result in a minor decrease 
in the life cycle external cost for a high extra investment. The sub-optimum still leads to a 
reduction in the external life cycle cost of 21%, but the increase in financial investment cost is 
reduced to 4% (+39 euro/m² floor), and now leads to a slight reduction in life cycle financial 
cost (instead of an increase of 10%).The sub-optimum equals K13 and E58. 
The skeleton variant with the highest life cycle external cost of all options analysed is 
characterised by K34 and E77. Compared to the skeleton sub-optimum based on external 
cost a reduction in the life cycle external cost of 23% is achieved. This requires an extra 
financial investment of 1% and leads to a reduction in the life cycle financial cost of 2%. 
FINANCIAL AND TOTAL COST 
The Pareto front based on financial cost differs substantially from the one based on external 
cost (Table 13.68). The Pareto sets start with a non-insulated floor, outer wall OW8 (stucco 
on 14 cm EPS), a non-insulated flat roof, standard double glazing and ventilation system C. 
This corresponds to a higher K-value (K92) and E-value (E136) than for the first external cost 
Pareto optimum. The first priority (to reduce the life cycle financial cost) is flat roof insulation 
(16 cm rock wool), ventilation system C+, floor insulation (10 and 21 cm) and opting for 
another type of outer wall (cavity wall with a brick veneer and 7,5 cm rock wool). These steps 
lead to the solid sub-optimum based on financial cost, characterised by K21 and E62. 
For the skeleton variants, the sub-optimum equals the absolute optimum and consists of a 
floor on grade with 21 cm PUR, outer walls OW10 (timber framed wall with 14 cm cellulose 
and a brick veneer), a flat roof FR9 (FJI profiles with 24 cm cellulose and 8 cm resol) and 
thermally improved glazing. This dwelling equals K21 and E62. 
A similar analysis is executed for the total cost. The Pareto options correspond to a large 
extent to the optimal variants based on financial cost. However, differences are noticed. 
Inclusion of the external costs would therefore influence the decisions for a certain financial 
budget. The absolute optimum based on total cost differs from the one based on financial 
cost, while the sub-optimum is identical. 
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Table 13.68 Terraced, 1971 - 1990: Pareto options based on financial cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window ventil. K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 FR0 VAR1 C 92 136 759,56 2.731,87  
Pareto 2 GRFL0 OW8 FR1 VAR2 C 26 71 761,01 2.591,06 9.695 
Pareto 3 GRFL1 OW8 FR1 VAR2 C 24 69 763,69 2.586,36 10.114
Pareto 4 GRFL2 OW8 FR1 VAR2 C 22 68 764,23 2.579,57 10.412
Pareto 5 GRFL3 OW8 FR1 VAR2 C 22 67 766,29 2.575,05 10.585
Pareto 6 GRFL0 OW8 FR1 VAR2 C+ 26 65 767,71 2.574,30 9.644 
Pareto 7 GRFL1 OW8 FR1 VAR2 C+ 24 64 769,96 2.568,71 10.063
Pareto 8 GRFL2 OW8 FR1 VAR2 C+ 22 63 770,93 2.562,53 10.361
Pareto 9 GRFL3 OW8 FR1 VAR2 C+ 22 62 772,99 2.557,95 10.534
Pareto 10 GRFL1 OW1 FR1 VAR2 C+ 26 65 781,47 2.557,29 9.642 
Pareto 11 GRFL2 OW1 FR1 VAR2 C+ 25 64 782,01 2.550,43 9.919 
Pareto 12 GRFL2 OW2 FR1 VAR2 C+ 22 62 783,98 2.546,85 10.305
Pareto 13 GRFL3 OW1 FR1 VAR2 C+ 24 64 784,07 2.545,87 10.080
Pareto 14 GRFL3 OW2 FR1 VAR2 C+ 21 62 786,05 2.542,23 10.478
Pareto 15 GRFL3 OW3 FR1 VAR2 C+ 20 61 787,96 2.541,49 10.619
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
To achieve the highest reduction in life cycle external cost for the smallest increase in 
financial investment cost, priorities are identified for the solid and skeleton variants. For the 
solid alternatives actions in order of priority are thermally improved glazing combined with flat 
roof insulation (16 cm rock wool), ventilation system C+, floor insulation (3 and 10 cm), opting 
for another type of flat roof (cellular concrete slab with 14 cm resol) and triple glazing. These 
measures lead to the sub-optimum, characterised by K15 and E59. A further decrease in the 
life cycle external cost can be achieved by increasing the roof insulation to 20 and 28 cm, 
and/or the floor insulation (21 cm) and/or increased outer wall insulation (20 cm EPS). 
However these steps require a high extra financial investment for a relatively low decrease in 
the life cycle external cost. 
The priorities for the optimisation of the skeleton alternatives are in line with the ones for the 
solid variants, except for the flat roof insulation. The first skeleton optimum already consists 
of a well-insulated flat roof (FJI profiles with 24 cm cellulose and 6 cm resol). A further 
increase of the insulation of the flat roof is noticed as one of the final steps to reach to the 
absolute optimum. A higher insulation level requires a relatively high extra financial 
investment cost for a low decrease in the life cycle environmental cost.  
In Table 13.69 the first Pareto optimum, the sub-optimum and the absolute optimum are 
summarised for both the solid and skeleton variants. The solid sub-optimum corresponds to 
K15 and E59, the skeleton sub-optimum to K13 and E59. 
Table 13.69 Terraced, 1971 - 1990: the first Pareto optimum (lowest IF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost.  
  
floor on 
grade 
outer 
wall flat roof window vent. K E 
IF 
(€/m² 
floor) 
LE 
(€/m² 
floor) 
Iover 
(Kh) 
Pareto solid 1 GRFL0 OW8 FR0 VAR1 C 92 136 759,56 176,41  
Pareto solid 25 GRFL2 OW8 FR3 VAR4 C+ 15 59 800,19 96,16 12.042
Pareto solid 32 GRFL3 OW3 FR5 VAR4 C+ 11 58 836,65 94,21 12.513
Pareto skeleton 1 GRFL0 OW17 FR9 VAR1 C 32 76 887,00 126,87 10.943
Pareto skeleton 22 GRFL2 OW17 FR9 VAR4 C+ 13 59 921,29 100,90 12.344
Pareto skeleton 30 GRFL3 OW20 FR12 VAR4 C+ 10 58 952,89 99,21 12.966
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Figure 13.88 Terraced, 1971 - 1990: initial financial versus life cycle external cost. 
 
 
Figure 13.89 Terraced, 1971 - 1990: life cycle financial versus life cycle external cost. 
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The analysis based on life cycle financial versus life cycle external cost reveals that a 
different choice is made than for decisions based on the initial financial versus the life cycle 
external cost. For the solid variants, the dwellings all consist of a floor on grade with 21 cm 
PUR, outer wall OW3 (cavity wall with 20 cm rock wool and a brick veneer) and ventilation 
system C+. The flat roof differs (FR1, FR3, FR4, FR5) and both standard and thermally 
improved double glazing occurs. 
For the skeleton variants, all optima consist of a floor on grade with 21 cm insulation and 
ventilation system C+. The flat roof type (FR9, FR10, FR11, FR12), the window type (VAR2, 
VAR4) and the outer wall type (OW10, OW17b, OW18b, OW19b and OW20) vary. The 
Pareto optima are summarised in Table 13.70.  
Table 13.70 Terraced, 1971 - 1990: the first Pareto optimum (lowest LF) and the sub-optimum (= 
absolute optimum) for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window vent. K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
Pareto solid 1 GRFL3 OW3 FR1 VAR2 C+ 20 61 2.541,49 105,08 10.619
Pareto solid 6 GRFL3 OW3 FR3 VAR4 C+ 13 58 2.567,82 94,94 12.378
Pareto solid 9 GRFL3 OW9 FR5 VAR4 C+ 12 58 2.604,26 94,16 12.604
Pareto skeleton 1 GRFL3 OW10 FR9 VAR2 C+ 21 62 2.690,38 109,72 10.595
Pareto skeleton 11 GRFL3 OW17b FR9 VAR4 C+ 12 58 2.716,65 100,39 12.522
Pareto skeleton 22 GRFL3 OW20 FR12 VAR4 C+ 10 58 3.007,11 99,21 12.966
CONTRIBUTION PHASES 
In Figure 13.90 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
for the previous dwellings. For the existing dwelling, an initial cost is considered at the 
current prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to more recent dwellings. 
The same conclusions are valid. The optimisation potential from an environmental point of 
view is mainly the reduction in the energy use, while from a financial point of view the focus 
should be on the optimisation of cleaning, maintenance and replacement costs. 
A more detailed analysis of the external cost is presented in Figure 13.91 and Figure 13.92, 
analogous to the treatment of the previous dwellings. For the optima the heating cost is 
reduced to such an extent that the investment cost becomes approximately equally or even 
more important.  
The life cycle external cost of the third extra sub-optimal variant (last on graph in Figure 
13.91) is 21% lower than that of the earlier defined sub-optimum (6th on the graph in Figure 
13.91). The net energy demand equals 7 kWh/m2, year which is lower than the maximum 
allowed for the passive standard (15 kWh/m2, year). 
Figure 13.92 reveals that for the older dwelling, the heating cost represents 69% of the life 
cycle cost while the construction of the dwelling is responsible for 23%. The construction cost 
gains importance for the variants with reduced life cycle costs to 35% for the solid sub-
optimum based on external cost and to 39% for the extra optimal variant with improved air-
tightness. 
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Figure 13.90 Terraced, 1971 -1990: financial and external costs for the different phases and 
processes for a selection of variants. 
 
Figure 13.91 Terraced, 1971 - 1990: external costs for the different phases and processes for a 
selection of variants. 
 
Figure 13.92 Terraced, 1971 - 1990: proportional distribution of the external costs for the different 
phases and processes for a selection of variants.14 
                                                 
14 The EOL E is deducted from the IE. 
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CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.93. From a financial point of view, the elements contributing most to 
the life cycle cost are the intermediate floors, the stairs, the floor on grade, the non-bearing 
inner walls and the windows. The elements contributing most to the life cycle environmental 
cost are the intermediate floors, the floor on grade, the outer walls and the separation walls. 
The elements which are not mentioned represent less than 10% of the life cycle cost. 
 
Figure 13.93 Terraced, 1971 - 1990: contribution of the different elements to the life cycle financial 
and external cost (exclusive heating) for the third extra environmental optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.71. 
For a reduced life span of 30 years the optimal K and E values are higher for all costs 
(except for the first Pareto option), while for a prolonged life span (120 years) the optimal 
values are lower. 
Table 13.71 Terraced, 1971 - 1990: summary of the K and E values of the optima (IE/LE, IF/LF 
and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings. 
  
optima
first K22 E68 K92 E136 K92 E136 K25 E69 K92 E136 K92 E136 K22 E68 K92 E136 K92 E136
sub K14 E59 K22 E68 K22 E68 K13 E59 K21 E62 K21 E62 K12 E58 K20 E61 K18 E60
absolute K13 E59 K22 E62 K20 E61 K12 E58 K20 E61 K18 E60 K11 E58 K18 E60 K12 E58
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.04.04 Terraced dwelling, type 4 (period 1991 – 2001) 
For this semi-detached dwelling, 31.464 variants (13.440 solid + 8.064 skeleton) are 
analysed. Sensitivity analysis of the life span (30 and 120) leads to a total of 94.392 
simulations. 
The external and financial costs of all variants are plotted on a single graph in Figure 13.94. 
The total costs are omitted to improve tangibility. The results reveal that the external cost on 
average represents 5% of the total cost, with a minimum of 4% and a maximum of 7%. The 
latter is thus mainly determined by the financial cost. For the reference for the period 1991-
2001, the contribution of the external ‘remaining’ cost to the total cost equals 6%. 
 
Figure 13.94 Terraced, 1991 - 2001: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.95. A differentiation (different symbol) 
is made between the dwellings with different window types. The Pareto front is determined 
for the solid and skeleton variants separately. 
The skeleton variants lead to a higher investment but approximately identical life cycle cost 
than the solid variants. The Pareto front of the solid variants is shown in Table 13.72. The 
first Pareto optimum (lowest IE) consists of a non-insulated floor on grade, outer wall OW8 
(stucco on 14 cm EPS), a non-insulated flat roof and pitched roof; and standard double 
glazing. This option corresponds to K65 and E100.  
From an environmental point of view, the first priority to achieve the highest reduction in the 
life cycle cost for the smallest increase in initial cost is pitched roof insulation (8 cm rock 
wool), followed by thermally improved glazing and another type of flat roof (cellular concrete 
slab with 14 cm resol), floor insulation (3 and 10 cm), triple glazing, increased insulation of 
the pitched roof (30 cm rock wool), increased insulation of the outer walls (20 cm EPS) and 
finally increased floor insulation (21 cm). These measures lead to the sub-optimum (Pareto 
43 in Table 13.72), characterised by K13 and E52. The life cycle external cost can further be 
reduced by increasing the insulation level of the flat roof (20 and 28 cm resol) and of the 
pitched roof (38 cm rock wool).  
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Figure 13.95 Terraced, 1991 - 2001: initial versus life cycle external cost. 
The less interesting optimisation steps to reach the sub-optimum are indicated in italics in 
Table 13.72.  
The first Pareto optimum (lowest IE) requires an initial financial investment cost of 801 
euro/m² floor and results in a life cycle financial cost of 2.606 euro/m² floor. To reach to the 
sub-optimum (Pareto 43), an extra investment of 44 euro/m² floor (5,5%) is required, and 
results in a reduction in the life cycle financial cost of 2,8% (72 euro/m² floor). The life cycle 
external cost is reduced by 27%. 
The absolute optimum also leads to a reduction of 27% in the life cycle external cost 
compared to Pareto 1. However, it requires a higher extra financial investment of 67 euro/m² 
floor (8%) and results in a slightly higher decrease in life cycle financial cost (-3,2%). 
The option with the highest life cycle external cost of all solid options is characterised by K87 
and E123. A reduction of 34% in the life cycle external cost and of 4% in the life cycle 
financial cost is achieved by the sub-optimum (Pareto 43). Compared to the ‘remaining’ cost 
of the dwelling representative of the period 1991 - 2001, the LE of the sub-optimum is 18% 
higher, while the LF is 46% higher. 
The first Pareto optimum of the skeleton variants is characterised by a higher K and E-value 
(K47 and E82) than the corresponding solid variant. The K-value of the absolute skeleton 
optimum corresponds with a one point lower K-value and an identical E-value (K11 and E50) 
to the solid absolute optimum. The absolute optimum results in a 20% reduction in the life 
cycle external cost, which is lower than for the solid variants (27%). This environmental 
improvement requires an increase in financial investment (4%) and results in an increase in 
the life cycle financial cost (9,5%). 
Similar to the Pareto of the solid variants, the final options only result in a minor decrease in 
the life cycle external cost for a high extra investment. The sub-optimum still leads to a 
reduction in the external life cycle cost of 19%, but the increase in financial investment cost is 
slightly higher (5%). The life cycle financial cost, however, is now reduced by 1,5%. 
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Table 13.72 Terraced, 1991 - 2001: Pareto options based on external cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window 
pitched 
roof K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 65 100 50,74 171,30  
Pareto 2 GRFL0 OW8 FR0 VAR1 PR1 54 89 51,03 161,87  
Pareto 3 GRFL0 OW8 FR3 VAR2 PR0 43 79 51,31 153,14  
Pareto 4 GRFL1 OW8 FR3 VAR2 PR0 38 75 51,34 148,94  
Pareto 5 GRFL1 OW8 FR4 VAR2 PR0 38 75 51,43 148,86  
Pareto 6 GRFL1 OW8 FR3 VAR3 PR0 37 74 51,46 147,83  
Pareto 7 GRFL2 OW8 FR3 VAR2 PR0 35 72 51,47 146,33  
Pareto 8 GRFL2 OW8 FR4 VAR2 PR0 35 72 51,56 146,25  
Pareto 9 GRFL2 OW8 FR3 VAR3 PR0 34 71 51,59 145,21  
Pareto 10 GRFL0 OW8 FR3 VAR2 PR1 32 69 51,59 142,85  
Pareto 11 GRFL1 OW8 FR3 VAR2 PR1 28 64 51,62 138,51  
Pareto 12 GRFL1 OW8 FR4 VAR2 PR1 27 64 51,71 138,42  
Pareto 13 GRFL1 OW8 FR3 VAR3 PR1 26 63 51,74 137,36  
Pareto 14 GRFL2 OW8 FR3 VAR2 PR1 25 62 51,76 135,83 8.186 
Pareto 15 GRFL2 OW8 FR4 VAR2 PR1 25 61 51,84 135,74 8.214 
Pareto 16 GRFL2 OW8 FR3 VAR3 PR1 24 61 51,87 134,67 8.379 
Pareto 17 GRFL2 OW8 FR4 VAR3 PR1 24 60 51,96 134,58 8.408 
Pareto 18 GRFL2 OW9 FR3 VAR3 PR1 23 59 52,05 134,04 8.436 
Pareto 19 GRFL2 OW9 FR4 VAR3 PR1 22 59 52,14 133,95 8.466 
Pareto 20 GRFL3 OW8 FR3 VAR3 PR1 22 59 52,15 133,67 8.605 
Pareto 21 GRFL3 OW8 FR4 VAR3 PR1 22 59 52,24 133,58 8.636 
Pareto 22 GRFL2 OW8 FR3 VAR4 PR1 21 59 52,27 132,36 8.784 
Pareto 23 GRFL2 OW8 FR4 VAR4 PR1 21 58 52,35 132,27 8.816 
Pareto 24 GRFL2 OW9 FR3 VAR4 PR1 20 57 52,44 131,71 8.844 
Pareto 25 GRFL2 OW9 FR4 VAR4 PR1 20 57 52,53 131,62 8.877 
Pareto 26 GRFL3 OW8 FR3 VAR4 PR1 20 57 52,54 131,35 9.030 
Pareto 27 GRFL3 OW8 FR4 VAR4 PR1 20 57 52,63 131,26 9.063 
Pareto 28 GRFL3 OW9 FR3 VAR4 PR1 19 56 52,72 130,68 9.095 
Pareto 29 GRFL3 OW9 FR4 VAR4 PR1 19 56 52,81 130,59 9.129 
Pareto 30 GRFL2 OW8 FR3 VAR2 PR5 19 56 52,85 130,55 9.283 
Pareto 31 GRFL2 OW8 FR3 VAR3 PR5 18 55 52,88 129,33 9.523 
Pareto 32 GRFL2 OW8 FR4 VAR3 PR5 17 55 52,97 129,24 9.559 
Pareto 33 GRFL2 OW9 FR3 VAR3 PR5 16 54 53,05 128,55 9.610 
Pareto 34 GRFL2 OW9 FR4 VAR3 PR5 16 54 53,14 128,46 9.647 
Pareto 35 GRFL3 OW8 FR3 VAR3 PR5 16 54 53,16 128,32 9.805 
Pareto 36 GRFL3 OW8 FR4 VAR3 PR5 16 54 53,24 128,23 9.843 
Pareto 37 GRFL2 OW8 FR3 VAR4 PR5 15 54 53,27 127,01 10.029 
Pareto 38 GRFL2 OW8 FR4 VAR4 PR5 15 53 53,36 126,92 10.068 
Pareto 39 GRFL2 OW9 FR3 VAR4 PR5 14 52 53,45 126,21 10.121 
Pareto 40 GRFL2 OW9 FR4 VAR4 PR5 14 52 53,54 126,12 10.162 
Pareto 41 GRFL3 OW8 FR3 VAR4 PR5 14 53 53,55 126,00 10.337 
Pareto 42 GRFL3 OW8 FR4 VAR4 PR5 14 53 53,64 125,91 10.378 
Pareto 43 GRFL3 OW9 FR3 VAR4 PR5 13 52 53,72 125,18 10.437 
Pareto 44 GRFL3 OW9 FR4 VAR4 PR5 13 51 53,81 125,09 10.479 
Pareto 45 GRFL3 OW9 FR5 VAR4 PR5 12 51 53,94 125,09 10.509 
Pareto 46 GRFL3 OW9 FR3 VAR4 PR7 12 51 54,13 124,97 10.584 
Pareto 47 GRFL3 OW9 FR4 VAR4 PR7 12 51 54,22 124,88 10.628 
Pareto 48 GRFL3 OW9 FR5 VAR4 PR7 12 51 54,35 124,88 10.659 
Pareto 49 GRFL3 OW3 FR4 VAR4 PR7 12 50 55,59 124,83 10.438 
Pareto 50 GRFL3 OW3 FR5 VAR4 PR7 12 50 55,73 124,82 10.468 
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The skeleton variant with the highest life cycle external cost of all analysed options is 
characterised by K54 and E90. A reduction in the life cycle external cost of 23% is achieved 
by the skeleton sub-optimum. This requires an extra financial investment of 3,6%, but leads 
to a reduction in the life cycle financial cost of 2,4%. 
Financial and total cost 
The Pareto front based on financial cost differs substantially from the one based on external 
cost (Table 13.73). The Pareto set starts with the same option, but priorities to reduce the life 
cycle financial cost differ from the ones from an environmental perspective. The first priority 
is flat roof insulation (16 cm rock wool), followed by thermally improved glazing, floor 
insulation (3, 10 and 21 cm), pitched roof insulation (8 cm rock wool), opting for another type 
of outer wall (cavity wall with 7,5 cm rock wool and a brick veneer instead of stucco on 14 cm 
EPS), increasing the wall insulation to 14 cm rock wool and finally opting for another type of 
roof truss (closely placed rafters with 14 cm rock wool). These measures lead to the solid 
sub-optimum based on financial cost, characterised by K20 and E57. A further reduction in 
the life cycle financial cost is possible by increasing the pitched roof insulation to 18 and 30 
cm (the latter again for a roof truss of rafters and purlins), opting for another type of flat roof 
(cellular concrete slab with 14 cm resol) and increasing the outer wall insulation to 20 cm 
rock wool. 
Neither the sub-optimum nor the absolute optimum based on financial cost correspond with 
the ones based on external cost. 
Table 13.73 Terraced, 1991 - 2001: Pareto options based on financial cost for the solid 
alternatives. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 FR0 VAR1 PR0 65 100 800,55 2.605,82 5.264
Pareto 2 GRFL0 OW8 FR0 VAR2 PR0 58 95 803,00 2.602,88 4.805
Pareto 3 GRFL0 OW8 FR1 VAR1 PR0 49 84 804,33 2.578,10 6.448
Pareto 4 GRFL0 OW8 FR1 VAR2 PR0 43 80 804,42 2.568,35 5.972
Pareto 5 GRFL2 OW8 FR1 VAR1 PR0 42 77 806,87 2.557,68 7.165
Pareto 6 GRFL2 OW8 FR1 VAR2 PR0 36 73 807,70 2.548,80 6.693
Pareto 7 GRFL3 OW8 FR1 VAR2 PR0 35 71 809,22 2.541,26 6.846
Pareto 8 GRFL2 OW8 FR1 VAR1 PR1 32 67 814,88 2.539,54 8.543
Pareto 9 GRFL2 OW8 FR1 VAR2 PR1 25 62 815,71 2.529,95 8.107
Pareto 10 GRFL3 OW8 FR1 VAR2 PR1 24 61 817,23 2.522,34 8.321
Pareto 11 GRFL3 OW8 FR1 VAR2 PR9 22 59 821,02 2.521,27 8.636
Pareto 12 GRFL3 OW8 FR1 VAR2 PR10 21 58 822,08 2.518,25 8.920
Pareto 13 GRFL3 OW8 FR1 VAR2 PR11 20 57 823,17 2.517,17 9.079
Pareto 14 GRFL3 OW8 FR1 VAR2 PR5 18 56 827,22 2.516,64 9.450
Pareto 15 GRFL2 OW1 FR1 VAR2 PR1 28 64 827,46 2.515,92 7.742
Pareto 16 GRFL3 OW8 FR3 VAR2 PR5 17 55 828,18 2.515,57 9.553
Pareto 17 GRFL3 OW1 FR1 VAR2 PR1 26 63 828,97 2.508,33 7.940
Pareto 18 GRFL3 OW2 FR1 VAR2 PR1 24 60 831,04 2.505,42 8.189
Pareto 19 GRFL3 OW1 FR1 VAR2 PR10 23 60 833,82 2.504,24 8.493
Pareto 20 GRFL3 OW2 FR1 VAR2 PR9 22 59 834,83 2.504,21 8.500
Pareto 21 GRFL3 OW1 FR1 VAR2 PR11 22 59 834,91 2.503,16 8.639
Pareto 22 GRFL3 OW2 FR1 VAR2 PR10 20 57 835,89 2.501,07 8.781
Pareto 23 GRFL3 OW2 FR1 VAR2 PR11 20 57 836,97 2.499,92 8.938
Pareto 24 GRFL3 OW3 FR1 VAR2 PR11 18 56 838,90 2.499,78 8.999
Pareto 25 GRFL3 OW2 FR1 VAR2 PR5 18 55 841,02 2.499,24 9.306
Pareto 26 GRFL3 OW3 FR1 VAR2 PR5 17 54 842,94 2.498,98 9.376
Pareto 27 GRFL3 OW3 FR3 VAR2 PR5 16 54 843,80 2.497,92 9.483
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For the skeleton variants, the sub-optimum consists of a floor on grade with 21 cm PUR, 
outer walls OW10 (timber frame + 14 cm cellulose), a pitched roof PR1 (8 cm rock wool 
between arrises) and thermally improved glazing. This dwelling equals K25 and E62. 
A similar analysis is executed for the total cost. The Pareto options correspond to a large 
extent to the optimal variants based on financial cost. However, differences are noticed. 
Inclusion of the external costs would therefore influence the decisions for a certain financial 
budget. Both for the skeleton and solid variants, the absolute optimum based on total cost 
correspond to the one based on financial cost. 
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
To achieve the highest reduction in life cycle external cost for the smallest increase in 
financial investment cost, priorities are identified for the solid and skeleton variants (Figure 
13.96). For the solid alternatives actions in order of priority are thermally improved glazing, 
flat roof insulation (18 cm rock wool), floor insulation (10 cm PUR), pitched roof insulation (8 
cm), increased floor insulation (21 cm), opting for another type of flat roof (cellular concrete 
slab with 14 cm resol), opting for another type of roof truss (closely placed rafters with 14 cm 
rock wool), increased pitched roof insulation (18 cm rock wool), again opting for rafters and 
purlins (30 cm rock wool), increased outer wall insulation (stucco on 20 cm EPS), increased 
flat roof insulation (20 cm resol) and finally opting for triple glazing. This leads to the sub-
optimum. From this option the Pareto front shows a more horizontal decline. This further 
reduction in life cycle external cost for a relatively high extra financial investment can be 
achieved by increased flat roof insulation (28 cm resol), increased pitched roof insulation (38 
cm rock wool) and increased outer wall insulation (20 cm EPS) or by opting for another type 
of outer wall (cavity wall with 20 cm rock wool and a brick veneer). 
The actions in order of priority for the optimisation of the skeleton alternatives are thermally 
improved glazing, floor insulation (10 cm), pitched roof insulation (8 cm rock wool), increased 
floor insulation (21 cm), pitched roof insulation (up to 30 cm), increased outer wall insulation 
(FJI profiles with 30 cm cellulose and larch finishing), and finally triple glazing. 
 
Figure 13.96 Terraced, 1991 - 2001: initial financial versus life cycle external cost. 
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In Table 13.74, the first Pareto optimum, the sub-optimum and the absolute optimum are 
summarised for both the solid and skeleton variants. The solid sub-optimum is characterised 
by K14 and E53, while the skeleton sub-optimum corresponds to K12 and E51. 
Table 13.74 Terraced, 1991 – 2001: the first Pareto optimum (lowest IF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on financial investment 
versus life cycle external cost.  
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto solid 1 GRFL0 OW8 FR0 VAR1 PR0 65 100 800,55 171,30  
Pareto solid 48 GRFL3 OW8 FR4 VAR4 PR5 14 53 844,76 125,91 10.378 
Pareto solid 56 GRFL3 OW3 FR5 VAR4 PR7 12 50 867,61 124,82 10.468 
Pareto skeleton 1 GRFL0 OW17 FR9 VAR1 PR0 47 82 847,18 157,31  
Pareto skeleton 46 GRFL3 OW18 FR9 VAR4 PR5 12 51 889,79 127,00 10.676 
Pareto skeleton 52 GRFL3 OW19 FR11 VAR4 PR7 11 50 898,55 126,52 10.876 
The analysis based on life cycle financial versus life cycle external cost (Figure 13.97) gives 
a different picture than the previous graphs. The analysis reveals that a different choice is 
made from the decisions based on the initial financial versus the life cycle external cost. For 
the solid variants, all optimal dwellings consist of a floor on grade with 21 cm PUR and of a 
cavity wall with 20 cm rock wool and a brick veneer. The dwellings differ in type of glazing 
(thermally improved and triple glazing), in insulation level of the pitched roof (30 and 38 cm) 
and in insulation level of the flat roof (14, 20 and 28 cm resol).  
For the skeleton variants, the outer walls (OW17b, 18b, 19b, 20b and 19), the flat roof (FR9, 
FR10), the pitched roof (PR5 and PR7) and the window type (VAR2, VAR4) vary. All options 
consist of a floor with 21 cm PUR. The outer wall with a brick veneer requires a high financial 
investment cost, but seem justified based on life cycle financial cost. 
 
Figure 13.97 Terraced, 1991 - 2001: life cycle financial versus life cycle external cost. 
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The Pareto optima are summarised in Table 13.75. Both the solid and skeleton sub-optima 
correspond to K12 and E51 but are differently composed (a different type of outer wall and 
flat roof).  
Table 13.75 Terraced, 1991 - 2001: the first Pareto optimum (lowest LF), the sub-optimum and the 
absolute optimum for the solid and skeleton variants based on life cycle financial 
versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window
pitched 
roof K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover
(Kh) 
 
Pareto solid 1 GRFL3 OW3 FR3 VAR2 PR5 16 54 2.497,92 128,71 9.483 
Pareto solid 7 GRFL3 OW3 FR3 VAR4 PR7 12 51 2.515,60 124,93 10.394 
Pareto solid 9 GRFL3 OW3 FR5 VAR4 PR7 12 50 2.521,75 124,82 10.468 
Pareto skeleton 1 GRFL3 OW17b FR9 VAR2 PR5 16 54 2.545,08 130,79 9.705 
Pareto skeleton 10 GRFL3 OW18b FR9 VAR4 PR7 12 51 2.563,40 126,77 10.881 
Pareto skeleton 15 GRFL3 OW19 FR10 VAR4 PR7 11 50 2.844,13 126,52 10.863 
CONTRIBUTION PHASES 
In Figure 13.98 the contribution of the financial and external costs during the different life 
phases and processes of the dwelling are presented for the same selection of alternatives as 
for the previous dwellings. For the existing dwelling, an initial cost is considered at the 
current prices in order to gain insight into the contribution of the initial cost to the other costs 
compared to more recent dwellings. 
The same conclusions are valid. The optimisation potential from an environmental point of 
view is mainly the reduction in the energy use, while from a financial point of view the focus 
should be on the optimisation of cleaning, maintenance and replacement costs. 
A more detailed analysis of the external cost is presented in Figure 13.99 and Figure 13.100, 
analogous to the treatment of the previous dwellings. Even for the optimised options, the 
heating cost remains the most important contributor to the life cycle external cost. However, 
the initial cost does gain importance. For the skeleton option with the lowest life cycle 
external cost, for example, the initial cost represents 47% of the life cycle external cost. Part 
of it is paid back at the end of the life cycle due to recycling and re-use. If this is taken into 
account, the initial cost represents 34% of the life cycle cost. 
 
Figure 13.98 Terraced, 1991 - 2001: financial and external costs for the different phases and 
processes for a selection of variants. 
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The life cycle external cost of the third extra sub-optimal variant (last on graph in Figure 
13.99), is 20% lower than of the earlier defined sub-optimum (6th on the graph in Figure 
13.99). The net energy demand equals 18 kWh/m² per year which is slightly higher than the 
maximum allowed for the passive standard (15 kWh/m² per year). 
Figure 13.100 reveals that for the dwelling representative of the period 1991-2001, the 
heating cost represents 88% of the life cycle cost while the construction of the dwelling is 
responsible for 25%. The construction cost gains importance for the optimised variants to 
32% for the solid sub-optimum based on external cost and to 34% for the extra optimal 
variant with improved air-tightness. 
 
Figure 13.99 Terraced, 1991 - 2001: external costs for the different phases and processes for a 
selection of variants. 
 
Figure 13.100 Terraced, 1991 - 2001: proportional distribution of the external costs for the different 
phases and processes for a selection of variants.15 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.101. The elements contributing most to the life cycle financial cost are 
the stairs and the floor on grade. The elements which contribute most to the external cost are 
                                                 
15 The EOL E is deducted from the IE. 
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(in order of importance) the floor on grade, the services, the outer walls and the separation 
walls. The elements which are not mentioned represent less than 10% of the life cycle cost. 
 
Figure 13.101 Terraced, 1991 - 2001: contribution of the different elements to the life cycle financial 
and external cost (exclusive heating) for the third extra environmental optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.76. 
The first Pareto option is identical for all scenarios. For a reduced life span of 30 years the 
optimal K and E values are higher for all costs (except for the first Pareto option), while for a 
prolonged life span (120 years) the optimal values are lower. 
Table 13.76 Terraced, 1991 - 2001: summary of the K and E values of the optima (IE/LE, IF/LF 
and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings. 
 
 
 
 
.   
optima
first K65 E100 K65 E100 K65 E100 K65 E100 K65 E100 K65 E100 K65 E100 K65 E100 K65 E100
sub K28 E64 K24 E61 K24 E61 K13 E52 K20 E57 K20 E57 K13 E52 K16 E54 K16 E54
absolute K13 E51 K24 E61 K19 E57 K12 E50 K16 E54 K16 E54 K12 E50 K15 E53 K12 E51
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.05 Apartments 
The apartments all have a flat roof. Only the solid variants are analysed as the only 
appropriate construction method for apartment buildings. For the non-bearing walls, skeleton 
alternatives are considered, combined with a solid structure of the loadbearing elements. The 
timber structures for the flat roof are not considered, which limits the number of simulations 
to 580.  
As for the previous dwellings, the analysis is executed for a life span of 30, 60 and 120 
years. The results for 60 years are presented. The findings for the other life spans are 
summarised at the end of each section. In contrast to the previous dwellings, all apartments - 
except for the oldest - consist of a pile foundation.  
Furthermore, the shared spaces (for instance corridors) and elements (for instance roof, 
foundation, outer wall and floors) within the apartment building are partially assigned to the 
analysed apartment according to the floor ratio of the apartment in relation to the total floor 
area of all apartments. The windows are limited to the windows belonging to the analysed 
apartment. The protected volume of the apartment is calculated based on the volume of the 
apartment and the volume of the shared, heated space of the apartment building. The same 
accounts for the calculation of the building skin area through which transmission losses 
occur. In consequence, the calculated K- and E-value, reported in this section, are not in line 
with the Flemish regulations. The latter considers the K-value of the complete apartment 
building and the E-value of the single apartment unit. 
13.05.01 Apartment, type 1 (before 1945) 
The external, financial and total costs of all variants are plotted on a single graph in Figure 
13.102. The results reveal that the external cost on average represents 5% of the total cost, 
with a minimum of 5% and a maximum of 7%. The total cost is thus mainly determined by the 
financial cost. For the reference for the period before 1945, the external ‘remaining’ cost 
stands at 10% of the total cost. 
 
Figure 13.102 Apartment, before 1945: initial versus life cycle cost. 
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EXTERNAL COST 
The external costs are shown separately in Figure 13.103. A differentiation is made between 
the apartments with different window types. 
The Pareto front is shown in Table 13.77. The first Pareto optimum (lowest IE) consists of a 
non-insulated floor on grade, outer wall OW8 (stucco on 14 cm EPS), a flat roof consisting of 
a cellular concrete slab with 14 cm resol and thermally improved double glazing. This option 
corresponds to K27 and E66. Standard double glazing does not appear on the Pareto front. 
From an environmental point of view, the first priority to achieve the highest reduction in the 
life cycle cost for the smallest increase in initial cost is floor insulation (3 cm), insulated 
timber frames, increased floor insulation (10 cm) and triple glazing. These steps lead to the 
sub-optimum (Pareto 8), characterised by K14 and E59. The life cycle external cost can be 
further reduced by increasing the insulation level in the flat roof (20 cm), increasing the floor 
insulation (21 cm), increasing the outer wall insulation (20 cm) and further increase of the flat 
roof insulation to 28 cm resol. However, these final steps require a high extra external 
investment cost for a relatively low reduction in the life cycle external cost. 
As can be seen in Figure 13.103 several steps to reach to the sub-optimum are not of 
interest (high extra investment cost for a relatively low reduction in the life cycle cost) and are 
omitted in the steps described in the previous paragraph. These Pareto options are indicated 
in italics in Table 13.77. 
The first Pareto option (lowest IE) requires an initial financial investment of 1.068 euro/m² 
floor and results in a life cycle financial cost of 3.698 euro/m² floor. To reach to the sub-
optimum (Pareto 8), an extra financial investment of 25 euro/m² floor (2%) is required. This 
results in a minor increase in the life cycle financial cost (<1%). The life cycle external cost is 
reduced by 6%. 
 
Figure 13.103 Apartment, before 1945: initial versus life cycle external cost.16 
                                                 
16 The E-values in brackets are without cooling. 
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The absolute optimum leads to a slightly higher reduction in the life cycle external cost (7%), 
but requires an extra financial investment cost of 60 euro/m² floor (6%) and leads to a slight 
increase in the life cycle financial cost (<1%). 
The option with the highest life cycle external cost of all options analysed is characterised by 
K117 and E143. A reduction of 33% in the life cycle external cost and of 4% in the life cycle 
financial cost is achieved by the sub-optimum (Pareto 8). Compared to the dwelling 
representative of the period before 1945, the LE of the solid sub-optimum (Pareto 8) is nearly 
half of its ‘remaining’ cost, while the LF is 16% higher. 
Table 13.77 Apartment, before 1945: Pareto options based on external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 FR3 VAR2 27 66 70,45 202,25 11.096 
Pareto 2 GRFL1 OW8 FR3 VAR2 21 63 70,59 196,43 12.271 
Pareto 3 GRFL1 OW8 FR3 VAR3 20 62 70,74 195,09 12.585 
Pareto 4 GRFL2 OW8 FR3 VAR2 18 61 70,95 193,42 13.046 
Pareto 5 GRFL2 OW8 FR3 VAR3 16 60 71,10 192,09 13.395 
Pareto 6 GRFL2 OW9 FR3 VAR3 15 60 71,42 191,96 13.680 
Pareto 7 GRFL2 OW8 FR4 VAR3 16 60 71,48 191,72 13.590 
Pareto 8 GRFL2 OW8 FR3 VAR4 14 59 71,61 189,58 14.106 
Pareto 9 GRFL2 OW9 FR3 VAR4 13 59 71,93 189,47 14.418 
Pareto 10 GRFL2 OW8 FR4 VAR4 13 59 71,98 189,23 14.320 
Pareto 11 GRFL3 OW8 FR3 VAR4 12 58 72,22 188,93 14.510 
Pareto 12 GRFL3 OW9 FR3 VAR4 11 58 72,55 188,84 14.837 
Pareto 13 GRFL3 OW8 FR4 VAR4 12 58 72,60 188,59 14.734 
Pareto 14 GRFL3 OW9 FR4 VAR4 11 58 72,92 188,52 15.069 
Pareto 15 GRFL3 OW9 FR5 VAR4 10 58 73,44 188,54 15.241 
FINANCIAL AND TOTAL COST 
The financial and total costs are presented in Figure 13.104. The Pareto set based on 
financial cost (Table 13.78) differs substantially from the one based on external cost (Table 
13.77). The Pareto set also starts with a non-insulated floor and outer wall OW8, but consists 
of a different flat roof (non-insulated) and different windows (standard double glazing). 
Table 13.78 Apartment, before 1945: Pareto options based on financial cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 FR0 VAR1 99 126 1.044,59 3.835,00  
Pareto 2 GRFL0 OW8 FR0 VAR2 91 121 1.048,55 3.830,75  
Pareto 3 GRFL1 OW8 FR0 VAR1 93 121 1.051,11 3.829,54  
Pareto 4 GRFL1 OW8 FR0 VAR2 85 116 1.052,76 3.822,37  
Pareto 5 GRFL2 OW8 FR0 VAR2 82 113 1.055,31 3.817,10  
Pareto 6 GRFL0 OW8 FR1 VAR1 36 73 1.059,03 3.706,56 11.103 
Pareto 7 GRFL0 OW8 FR1 VAR2 29 68 1.060,68 3.696,23 10.725 
Pareto 8 GRFL1 OW8 FR1 VAR1 31 69 1.063,24 3.696,13 12.140 
Pareto 9 GRFL1 OW8 FR1 VAR2 23 64 1.064,57 3.685,06 11.832 
Pareto 10 GRFL2 OW8 FR1 VAR2 20 62 1.067,12 3.678,61 12.559 
Pareto 11 GRFL0 OW1 FR1 VAR2 31 69 1.075,16 3.678,15 10.325 
Pareto 12 GRFL1 OW1 FR1 VAR1 33 71 1.077,72 3.678,01 11.699 
Pareto 13 GRFL1 OW1 FR1 VAR2 25 65 1.079,05 3.667,00 11.360 
Pareto 14 GRFL2 OW1 FR1 VAR2 22 63 1.081,60 3.660,54 12.038 
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The first priority (to reduce the life cycle financial cost) is flat roof insulation (16 cm), followed 
by choosing thermally improved glazing (with standard timber frames) and floor insulation (3 
cm). This leads to the sub-optimum, characterised by K20 and E62. This option does not 
coincide with the sub-optimum based on external cost. A further decline in the life cycle 
financial cost is possible, but requires a high extra investment. This can be achieved by 
opting for another type of outer wall: a cavity wall with a brick veneer and 7,5 cm rock wool. 
A similar analysis is executed for the total cost. The first ten Pareto options are identical, 
leading to an identical sub-optimum. The other optima differ. 
 
Figure 13.104 Apartment, before 1945: initial versus life cycle financial and total cost. 
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
To achieve the highest reduction in life cycle external cost for the smallest increase in 
financial investment cost, priorities are identified. Starting from the Pareto option with the 
highest life cycle external cost (Pareto 1 in Table 13.79), actions in order of priority are flat 
roof insulation (16 cm) and thermally improved glazing. This leads to the sub-optimum 
(Pareto 7), characterised by K29 and E68. The life cycle cost can be further decreased by 
floor insulation (3, 10 and 21 cm), another type of flat roof (a cellular concrete slab with 14 
cm resol), increased outer wall insulation (20 cm EPS), increased flat roof insulation (20 cm 
resol) and finally opting for triple glazing. However these steps require a high extra financial 
investment for a relatively low reduction in the life cycle external cost. In Table 13.79 the first 
Pareto optimum, the sub-optimum and the absolute optimum are summarised. 
Table 13.79 Apartment, 1945 – 1970: the first Pareto optimum (lowest IF), the sub-optimum and 
the absolute optimum based on financial investment versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 FR0 VAR1 99 126 1.044,59 270,01  
Pareto 7 GRFL0 OW8 FR1 VAR2 29 68 1.060,68 207,07 10.725 
Pareto 26 GRFL3 OW9 FR5 VAR4 10 58 1.127,87 188,54 15.241 
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Figure 13.105 Apartment, before 1945: initial financial versus life cycle external cost. 
The analysis based on life cycle financial versus life cycle external cost (Figure 13.106) gives 
a different picture. Only window type 2 (thermally improved glazing with standard timber 
frames) and 4 (triple glazing with insulated timber frames) occur on the Pareto front. 
Furthermore, only outer wall OW1, OW2 and OW3 occur on the first part of the Pareto front 
(cavity wall with 7,5 – 14 - 20 cm rock wool), while this wall does not appear on the Pareto 
front based on financial investment versus life cycle external cost. Despite the high financial 
investment cost, this wall proves to be preferable based on life cycle financial cost. The 
Pareto optima are summarised in Table 13.80. The sub-optimum corresponds to K11 and 
E58. 
 
Figure 13.106 Apartment, before 1945: life cycle financial versus life cycle external cost. 
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Table 13.80 Apartment, before 1945: the first Pareto optimum (lowest LF), the sub-optimum and 
the absolute optimum based on life cycle financial versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL2 OW1 FR1 VAR2 22 63 3.660,54 200,44 12.038
Pareto 13 GRFL3 OW3 FR3 VAR4 11 58 3.686,41 189,17 14.846
Pareto 18 GRFL3 OW9 FR5 VAR4 10 58 3.736,22 188,54 15.241
CONTRIBUTION PHASES 
In Figure 13.107 the contribution of the financial and external costs during the different life 
phases and processes of the apartment are presented for the same selection of alternatives 
as for the previous dwellings (without skeleton options). For the existing apartment, an initial 
cost is considered at the current prices in order to gain insight into the contribution of the 
initial cost to the other costs compared to more recent apartments. The same conclusions as 
for the previous dwellings can be drawn. The energy use contributes most to the life cycle 
external cost. From a financial point of view the focus should be on the optimisation of 
cleaning, maintenance and replacement costs. 
 
Figure 13.107 Apartment, before 1945: financial and external costs for the different phases and 
processes for a selection of variants. 
A more detailed analysis of the external cost is presented in Figure 13.108 and Figure 
13.109, analogous to the treatment of the previous dwellings. Figure 13.108 shows that for 
the optimised apartments the heating cost is reduced. For the first three optima, the initial 
cost has increased. For the last three options, with another choice of materials based on the 
results of the element analysis, the initial cost is lower than for the reference dwelling. Part of 
the initial cost however is paid back at the end of the life cycle of the dwelling by re-use 
and/or recycling of the materials. This is taken into account in the proportional picture given 
in Figure 13.109. The figure reveals that for the apartment representative of the period before 
1945, the heating cost represents 80% of the life cycle cost while the construction is 
responsible for 15%. The construction cost gains importance for the optimised variants to 
32% for the sub-optimum based on external cost and to 28% for the extra optimal variant 
with improved air-tightness. 
The net energy demand of the third extra sub-optimal option (last option in Figure 13.108) 
equals 25,6 kWh/m2, year which is higher than the maximum allowed for the passive 
standard (15 kWh/m2, year). 
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Figure 13.108 Apartment, before 1945: external costs for the different phases and processes for a 
selection of variants. 
 
Figure 13.109 Apartment, before 1945: proportional distribution of the external costs for the 
different phases and processes for a selection of variants.17 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.110. The elements contributing most to the life cycle financial cost are 
the intermediate floors, the non-bearing and loadbearing inner walls. The elements which 
contribute most to the external cost are (in order of importance) the intermediate floors, the 
floor on grade and the outer walls. The elements which are not mentioned contribute to a 
minor extent (< 10%). 
 
Figure 13.110 Apartment, before 1945: contribution of the different elements to the life cycle 
financial and external cost (exclusive heating) for the third extra environmental 
optimum. 
                                                 
17 The EOL E is deducted from the IE. 
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SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.81. 
For a reduced life span of 30 years the optimal K and E values are higher for all costs, 
except for the sub-optimum based on environmental cost with an identical value. For a 
prolonged life span (120 years) the optimal values are lower, except for the absolute 
optimum based on environmental and total cost with an identical value. 
Table 13.81 Apartment, before 1945: summary of the K and E values of the optima (IE/LE, IF/LF 
and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings. 
  
optima
first K27 E66 K99 E126 K99 E126 K27 E66 K99 E126 K99 E126 K27 E66 K99 E126 K99 E126
sub K14 E59 K29 E68 K23 E64 K14 E59 K20 E62 K20 E69 K11 E58 K22 E63 K18 E61
absolute K13 E59 K20 E62 K20 E62 K10 E58 K22 E63 K15 E60 K10 E58 K15 E60 K15 E60
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.05.02 Apartment, type 2 (1945 – 1970) 
The external, financial and total costs of all variants are plotted on a single graph in Figure 
13.111. The results reveal that the external cost on average represents 5% of the total cost, 
with a minimum of 5% and a maximum of 6%. Consequently, the total cost is determined 
mainly by the financial cost. For the reference of the period 1945-1970, the contribution of 
the external ‘remaining’ cost to the total cost equals 11%. 
Without solar shading devices or increased ventilation in summer, overheating occurs in the 
apartment. This proves not only to be true for the well-insulated apartments, but even for the 
current practice with an Iover of 16.689 Kh. For the apartments with an Iover higher than 17.500 
Kh, shading devices are foreseen. The apartments with shading devices and an Iover higher 
than 17.500 Kh are excluded from the analysis. The E-values in this section are reported 
assuming shading devices (if necessary). Since the apartments with an Iover between 8.000 
and 17.500 Kh are considered to risk the installation of a cooling device within the EPB 
approach, the E-values of the apartments are often high compared to the low K-values. 
Therefore, the E-values are also mentioned (in brackets) assuming an increased ventilation 
rate of 3 air changes per hour in summer months. 
 
Figure 13.111 Apartment, 1945 - 1970: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.112. A differentiation is made between 
the apartments with different window types. The Pareto front is shown in Table 13.82. The 
first Pareto optimum (lowest IE) consists of a non-insulated floor on grade, a non-insulated 
outer wall, a flat roof consisting of a cellular concrete slab with 14 cm resol and standard 
double glazing. This option corresponds to K81 and E105 (with increased ventilation in 
summer: E101). 
From an environmental point of view, the first priority to achieve the highest reduction in the 
life cycle cost for the smallest increase in initial cost is opting for thermally improved glazing, 
followed by outer wall insulation (stucco on 14 cm EPS), floor insulation (3 cm), insulated 
timber frames for the windows and triple glazing. These steps lead to the sub-optimum 
(Pareto 12), characterised by K20 and E69 (E52). The life cycle external cost can further be 
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reduced by increasing the insulation level of the flat roof (20 cm EPS) or/and increasing the 
floor insulation (10 cm PUR). However, these extra steps require a high extra external 
investment cost for a relatively low reduction in the life cycle external cost. 
The first Pareto option (lowest IE) requires an initial financial investment of 1.271 euro/m² 
floor and results in a life cycle financial cost of 3.894 euro/m² floor. To reach to the sub-
optimum (Pareto 12), an extra investment of 65 euro/m² floor (5%) is required. However, this 
results in a slight increase in the life cycle financial cost (1%). The life cycle external cost is 
reduced by 21,5%, which is only slightly lower than the reduction of 22%, which is achieved 
for the absolute optimum. 
 
Figure 13.112 Apartment, 1945 - 1970: initial versus life cycle external cost.18 
Table 13.82 Apartment, 1945 - 1970: Pareto options based on external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E (E)19 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW0 FR3 VAR1 81 105 (101) 70,33 240,62 11.564 
Pareto 2 GRFL0 OW0 FR3 VAR2 67 94 (92) 70,36 231,86 10.857 
Pareto 3 GRFL1 OW0 FR3 VAR2 63 91 (88) 70,58 228,26 11.377 
Pareto 4 GRFL0 OW8 FR3 VAR1 45 86 (70) 70,63 210,21 13.425 
Pareto 5 GRFL0 OW8 FR3 VAR2 31 76 (61) 70,66 199,81 13.719 
Pareto 6 GRFL1 OW8 FR3 VAR2 27 73 (58) 70,87 195,84 14.680 
Pareto 7 GRFL1 OW8 FR4 VAR2 27 73 (57) 71,11 195,73 14.781 
Pareto 8 GRFL1 OW8 FR3 VAR3 25 72 (56) 71,13 193,63 15.268 
Pareto 9 GRFL1 OW8 FR4 VAR3 25 72 (55) 71,37 193,52 15.375 
Pareto 10 GRFL2 OW8 FR3 VAR3 23 71 (54) 71,65 192,05 15.841 
Pareto 11 GRFL2 OW8 FR4 VAR3 22 71 (54) 71,89 191,93 15.956 
Pareto 12 GRFL1 OW8 FR3 VAR4 20 69 (52) 72,10 188,85 16.669 
Pareto 13 GRFL1 OW8 FR4 VAR4 20 69 (52) 72,34 188,73 16.794 
Pareto 14 GRFL2 OW8 FR3 VAR4 18 68 (50) 72,62 187,25 17.336 
Pareto 15 GRFL2 OW8 FR4 VAR4 18 68 (50) 72,86 187,13 17.470 
                                                 
18 The E-values in brackets are with an increased ventilation rate of 3 air changes per hour in summer. 
19 The E-values in brackets are with an increased ventilation rate of 3 air changes per hour in summer. 
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The option with the highest life cycle external cost of all options is characterised by K116 and 
E132. A reduction of 30% in the life cycle external cost and of 0,5% in the life cycle financial 
cost is achieved by the sub-optimum (Pareto 12). Compared to the dwelling representative of 
the period 1945 - 1970, the LE of the sub-optimum (Pareto 12) equals half of its ‘remaining’ 
cost, while the LF is 23% higher. 
FINANCIAL AND TOTAL COST 
The financial and total costs are presented in Figure 13.113. The Pareto set based on 
financial cost (Table 13.83) differs from the one based on external cost (Table 13.82). It 
starts with a non-insulated floor and non-insulated flat roof, outer wall type 8 (stucco on 14 
cm EPS) and standard double glazing. The first priority (to reduce the life cycle financial cost) 
is thermally improved glazing, flat roof insulation (16 cm rock wool) and floor insulation (3 
cm). This leads to the absolute optimum, which equals the sub-optimum and is characterised 
by K33 and E76 (E62). 
 
Figure 13.113 Apartment, 1945 - 1970: initial versus life cycle financial and total cost. 
Table 13.83 Apartment, 1945 - 1970: Pareto options based on financial cost. 
  
floor 
on 
grade 
outer 
wall flat roof window K E (E)20 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover 
(Kh)
   
Pareto 1 GRFL0 OW8 FR0 VAR1 80 104 (100) 1.241,86 3.938,34 11.680 
Pareto 2 GRFL0 OW8 FR0 VAR2 66 94 (91) 1.245,18 3.922,68 10.981 
Pareto 3 GRFL1 OW8 FR0 VAR2 62 91 (87) 1.249,16 3.917,22 11.511 
Pareto 4 GRFL2 OW8 FR0 VAR2 60 89 (85) 1.252,31 3.915,30 11.799 
Pareto 5 GRFL0 OW8 FR1 VAR1 46 87 (71) 1.252,37 3.875,70 17.276 
Pareto 6 GRFL0 OW8 FR1 VAR2 32 76 (62) 1.255,69 3.856,34 17.229 
Pareto 7 GRFL0 OW1 FR1 VAR1 51 88 (75) 1.280,10 3.838,81 16.293 
Pareto 8 GRFL0 OW1 FR1 VAR2 37 77 (66) 1.283,42 3.819,92 16.089 
Pareto 9 GRFL1 OW1 FR1 VAR2 33 76 (62) 1.287,39 3.813,69 17.129 
                                                 
20 The E-values in brackets are with an increased ventilation rate of 3 air changes per hour in summer. 
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A similar analysis is executed for the total cost. The first three Pareto options are identical to 
the financial optima, the others differ. The sub-optimum based on the total cost consists of 
thermally improved double glazing with standard timber frames (VAR2), a non-insulated floor 
on grade, flat roof FR1 (16 cm rock wool) and outer wall OW8 (stucco on 14 cm EPS). 
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
To achieve the highest reduction in life cycle external cost for the smallest increase in 
financial investment cost, priorities are identified. Starting from the Pareto option with the 
highest life cycle external cost (Pareto 1 in Table 13.84), actions in order of priority are 
thermally improved glazing (VAR2) and flat roof insulation (16 cm rock wool). This leads to 
the sub-optimum (Pareto 6). Further decrease in the life cycle external cost is possible by 
increased flat roof insulation (24 cm rock wool), opting for another type of flat roof (cellular 
concrete slab with 14 cm resol), increased floor insulation (3 and 10 cm), increased flat roof 
insulation (20 cm resol), increased outer wall insulation (20 cm EPS) and finally opting for 
triple glazing. However these measures require a high extra financial investment for a 
relatively low reduction in the life cycle external cost. 
In Table 13.84 the first Pareto optimum, the sub-optimum and the absolute optimum are 
summarised. The sub-optimal option is characterised by K32 and E76 (E62). 
Table 13.84 Apartment, 1945 – 1970: the first Pareto optimum (lowest IF), the sub-optimum and 
the absolute optimum based on financial investment versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E (E)21 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
   
Pareto 1 GRFL0 OW8 FR0 VAR1 80 104 (100) 1241,86 242,88 11.680
Pareto 6 GRFL0 OW8 FR1 VAR2 32 76 (62) 1255,69 201,54 17.229
Pareto 21 GRFL2 OW8 FR4 VAR4 18 68 (50) 1344,98 187,13 17.470
 
Figure 13.114 Apartment, 1945 - 1970: initial financial versus life cycle external cost. 
                                                 
21 The E-values in brackets are with an increased ventilation rate of 3 air changes per hour in summer. 
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Figure 13.115 Apartment, 1945 - 1970: life cycle financial versus life cycle external cost. 
The analysis based on life cycle financial versus life cycle external cost gives a different 
picture. Only window type 2 (thermally improved glazing with standard timber frames) and 4 
(triple glazing with insulated timber frames) occur on the Pareto front. Furthermore, only 
outer walls OW1, 2 and 3 (cavity walls with 7,5 – 14 - 20 cm rock wool) occur, while these 
walls do not appear on the Pareto front based on financial investment versus life cycle 
external cost. Despite the high financial investment cost, these walls prove to be preferable 
based on life cycle financial cost. The Pareto optima are summarised in Table 13.85. The 
sub-optimum corresponds to K18 and E68 (E50). 
Table 13.85 Apartment, 1945 - 1970: first Pareto optimum (lowest LF), the sub-optimum and the 
absolute optimum based on life cycle financial versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E (E)22 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
  
Pareto 1 GRFL1 OW1 FR1 VAR2 33 76 (62) 3.813,69 201,63 17.129
Pareto 8 GRFL2 OW2 FR3 VAR4 18 68 (50) 3.888,07 188,07 17.398
CONTRIBUTION PHASES 
In Figure 13.116 the contribution of the financial and external costs during the different life 
phases and processes of the apartment are presented for the same selection of alternatives 
as for the previous dwellings (without skeleton options). For the existing apartment, an initial 
cost is considered at the current prices in order to gain insight into the contribution of the 
initial cost to the other costs compared to more recent apartments. 
The same conclusions as for the previous dwellings can be drawn. The energy use 
contributes most to the life cycle external cost. From a financial point of view the focus 
should be on the optimisation of cleaning, maintenance and replacement costs. 
                                                 
22 The E-values in brackets are with an increased ventilation rate of 3 air changes per hour in summer. 
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Figure 13.116 Apartment, 1945 - 1970: financial and external costs for the different phases and 
processes for a selection of variants. 
A more detailed analysis of the external cost is presented in Figure 13.117 and Figure 
13.118, analogous to the treatment of the previous dwellings. Figure 13.117 shows that for 
the optimised apartments the heating cost is reduced while the initial cost is increased. Only 
for the last three options, with another choice of materials based on the results of the 
element analysis, the initial cost is also lower than for the reference apartment.  
Part of the initial cost however is paid back at the end of the life cycle of the dwelling by re-
use and/or recycling of the materials. This is taken into account in the proportional picture 
given in Figure 13.118. The figure reveals that for the apartment representative of the period 
1945-1970, the heating cost represents 83% of the life cycle cost while the construction of 
the dwelling is responsible for 13%. The construction cost gains more importance for the 
optimised variants to 30% for the sub-optimum based on external cost and to 27% for the 
extra optimal variant with improved air-tightness. 
The net energy demand of the third extra optimal option (last option in Figure 13.117) equals 
25 kWh/m2, year which is higher than the maximum allowed for the passive standard (15 
kWh/m2, year). 
 
Figure 13.117 Apartment, 1945 - 1970: external costs for the different phases and processes for a 
selection of variants. 
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Figure 13.118 Apartment, 1945 - 1970: proportional distribution of the external costs for the 
different phases and processes for a selection of variants.23 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.119. The elements which contribute most to the external cost are (in 
order of importance) the intermediate floors, the outer walls and the non-bearing inner walls. 
The elements which contribute most to the financial cost are the intermediate floors, the non-
bearing inner walls and the outer walls. The elements which are not mentioned contribute to 
a minor extent (< 10%). 
 
Figure 13.119 Apartment, 1945 - 1970: contribution of the different elements to the life cycle 
financial and external cost (exclusive heating) for the third extra environmental 
optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.86. 
For a reduced life span of 30 years the optimal K and E values are identical, but are lower for 
the absolute optima. This is due to the more detailed analysis of shading devices for a life 
span of 60 years, which is not repeated for the life span of 30 and 120 years. However, if no 
shading devices were foreseen in the apartment, the K- and E-values of the analysis of 60 
                                                 
23 The EOL E is deducted from the IE. 
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years lie between these of the analysis of 30 and 120 years. For a prolonged life span (120 
years) the optimal values are lower. 
Table 13.86 Apartment, 1945 - 1970: summary of the K and E values of the optima (IE/LE, IF/LF 
and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings. 
  
optima
first K45 E87 K80 E105 K80 E105 K81 E105 K80 E105 K80 E105 K45 E87 K80 E105 K80 E105
sub K20 E69 K32 E76 K32 E76 K20 E69 K33 E76 K32 E76 K15 E67 K26 E73 K23 E71
absolute K16 E67 K28 E74 K25 E72 K18 E68 K33 E76 K32 E76 K14 E67 K22 E71 K23 E71
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.05.03 Apartment, type 3 (1971 – 1990) 
The external, financial and total costs of all variants are plotted on a single graph in Figure 
13.120. The results reveal that the external cost on average represents 5% of the total cost, 
with a minimum of 5% and a maximum of 6%. Consequently, the total cost is mainly 
determined by the financial cost. For the reference of the period 1971-1990, the contribution 
of the external ‘remaining’ cost to the total cost equals 5%. 
 
Figure 13.120 Apartment, 1971 - 1990: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.121. A differentiation is made between 
the apartments with different window types. 
The Pareto front is shown in detail in Table 13.87. The first Pareto optimum (lowest IE) 
consists of a non-insulated floor on grade, outer wall OW8 (stucco on 14 cm EPS), a flat roof 
consisting of a cellular concrete slab with 14 cm resol and standard double glazing. This 
option corresponds to K38 and E79. From an environmental point of view, the first priority to 
achieve the highest reduction in the life cycle cost for the smallest increase in initial cost is 
opting for thermally improved glazing (with a standard timber frame), followed by floor 
insulation (3 cm), insulated timber frames for the windows, increasing the outer wall 
insulation to 20 cm EPS, increasing the floor insulation to 10 cm PUR, and opting for triple 
glazing. These steps lead to the sub-optimum (Pareto 17), characterised by K14 and E66. 
The life cycle external cost can even be further reduced by increasing the floor insulation to 
10 and 21 cm PUR and in a final step by increasing the flat roof insulation to 20 cm resol. 
However, these final steps require a high extra external investment cost for a relatively low 
reduction in the life cycle external cost. 
As can be seen on Figure 13.121 several steps to reach to the sub-optimum are not of 
interest (high extra investment cost for a relatively low reduction in the life cycle cost) and are 
omitted in the steps described in the previous paragraph. These Pareto options are indicated 
in italics in Table 13.87. 
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Table 13.87 Apartment, 1971 - 1990: Pareto options based on external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 FR3 VAR1 38 79 95,54 230,23 12.625
Pareto 2 GRFL0 OW8 FR3 VAR2 25 70 95,58 218,78 13.080
Pareto 3 GRFL1 OW8 FR3 VAR2 23 69 95,66 217,77 13.304
Pareto 4 GRFL1 OW8 FR4 VAR2 23 69 95,82 217,76 13.350
Pareto 5 GRFL0 OW8 FR3 VAR3 22 69 95,84 216,43 13.608
Pareto 6 GRFL1 OW8 FR3 VAR3 21 68 95,92 215,43 13.848
Pareto 7 GRFL1 OW8 FR4 VAR3 21 68 96,08 215,42 13.897
Pareto 8 GRFL2 OW8 FR3 VAR3 20 68 96,11 214,92 14.009
Pareto 9 GRFL2 OW8 FR4 VAR3 20 68 96,26 214,90 14.059
Pareto 10 GRFL1 OW9 FR3 VAR3 19 67 96,28 214,28 14.286
Pareto 11 GRFL2 OW9 FR3 VAR3 18 67 96,47 213,77 14.456
Pareto 12 GRFL0 OW8 FR3 VAR4 17 67 96,74 211,94 14.742
Pareto 13 GRFL1 OW8 FR3 VAR4 16 66 96,82 210,96 15.016
Pareto 14 GRFL1 OW8 FR4 VAR4 16 66 96,97 210,95 15.073
Pareto 15 GRFL2 OW8 FR3 VAR4 16 66 97,00 210,47 15.201
Pareto 16 GRFL2 OW8 FR4 VAR4 15 66 97,16 210,46 15.258
Pareto 17 GRFL1 OW9 FR3 VAR4 14 66 97,18 209,87 15.519
Pareto 18 GRFL2 OW9 FR3 VAR4 14 65 97,36 209,39 15.714
Pareto 19 GRFL3 OW9 FR3 VAR4 13 65 97,67 209,38 15.816
Pareto 20 GRFL3 OW9 FR4 VAR4 13 65 97,83 209,39 15.878
The first Pareto option (lowest IE) requires an initial financial investment cost of 1.300 
euro/m² floor and results in a life cycle financial cost of 4.124 euro/m² floor. To reach to the 
sub-optimum (Pareto 17), an extra investment of 42 euro/m² floor (3%) is required, and it 
results in a slight increase in the life cycle financial cost (20 euro/m² floor).  
 
Figure 13.121 Apartment, 1971 - 1990: initial versus life cycle external cost. 
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The life cycle external cost is reduced by 8,8%. A reduction of 9% is achieved for the 
absolute optimum (compared to Pareto 1).  
The option with the highest life cycle external cost of all options is characterised by K89 and 
E116. A reduction of 24% in the life cycle external cost and of 1% in the life cycle financial 
cost is achieved by the sub-optimum (Pareto 17). Compared to the dwelling representative of 
the period 1971 - 1990, the LE of the solid sub-optimum (Pareto 17) is 23% lower than its 
‘remaining’ cost, while the LF is 38% higher. 
FINANCIAL AND TOTAL COST 
The financial and total costs are presented in Figure 13.122. The Pareto set based on 
financial cost differs substantially from the one based on external cost (Table 13.88). 
The Pareto set also starts with an apartment consisting of a non-insulated floor on grade and 
outer wall OW8. However it differs in flat roof (non-insulated) and window (standard double 
glazing) type.  
The first priority (to reduce the life cycle financial cost) is thermally improved glazing, flat roof 
insulation (16 cm rock wool), floor insulation (3 and 10 cm) and opting for another type of 
outer wall (cavity wall with a brick veneer with 7,5 and – in a following step – 14 cm rock 
wool). These measures lead to the sub-optimum (Pareto 22) characterised by K25 and E70. 
This option does not coincide with the sub-optimum based on external cost. A similar 
analysis is executed for the total cost. The total cost Pareto options coincide to the financial 
cost options to a great extent, but are not all identical. 
Table 13.88 Apartment, 1971 - 1990: Pareto options based on financial cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 FR0 VAR1 56 91 1.290,21 4.157,03 9.999 
Pareto 2 GRFL1 OW8 FR0 VAR1 55 90 1.291,70 4.155,83 10.122
Pareto 3 GRFL2 OW8 FR0 VAR1 55 90 1.292,72 4.154,74 10.204
Pareto 4 GRFL0 OW8 FR0 VAR2 43 81 1.293,47 4.135,88 10.001
Pareto 5 GRFL1 OW8 FR0 VAR2 42 81 1.294,95 4.134,59 10.141
Pareto 6 GRFL2 OW8 FR0 VAR2 41 80 1.295,97 4.133,43 10.235
Pareto 7 GRFL0 OW8 FR1 VAR1 38 79 1.297,70 4.124,82 12.525
Pareto 8 GRFL1 OW8 FR1 VAR1 37 79 1.299,18 4.123,53 12.708
Pareto 9 GRFL2 OW8 FR1 VAR1 37 78 1.300,21 4.122,37 12.830
Pareto 10 GRFL0 OW8 FR1 VAR2 25 70 1.300,93 4.102,51 12.959
Pareto 11 GRFL1 OW8 FR1 VAR2 24 70 1.302,42 4.101,20 13.180
Pareto 12 GRFL2 OW8 FR1 VAR2 23 69 1.303,44 4.100,03 13.328
Pareto 13 GRFL2 OW8 FR3 VAR2 23 69 1.305,27 4.099,53 13.455
Pareto 14 GRFL0 OW2 FR0 VAR2 43 81 1.320,79 4.099,45 10.023
Pareto 15 GRFL0 OW1 FR1 VAR1 42 82 1.321,89 4.091,68 11.874
Pareto 16 GRFL1 OW1 FR1 VAR1 41 81 1.323,38 4.090,40 12.040
Pareto 17 GRFL2 OW1 FR1 VAR1 41 80 1.324,40 4.089,26 12.152
Pareto 18 GRFL0 OW1 FR1 VAR2 29 72 1.325,12 4.069,51 12.181
Pareto 19 GRFL1 OW1 FR1 VAR2 28 72 1.326,61 4.068,19 12.380
Pareto 20 GRFL2 OW1 FR1 VAR2 27 71 1.327,63 4.067,02 12.513
Pareto 21 GRFL2 OW1 FR3 VAR2 27 71 1.329,19 4.066,99 12.626
Pareto 22 GRFL0 OW2 FR1 VAR2 25 70 1.329,75 4.064,08 12.994
Pareto 23 GRFL1 OW2 FR1 VAR2 24 69 1.331,24 4.062,77 13.216
Pareto 24 GRFL2 OW2 FR1 VAR2 23 69 1.332,26 4.061,61 13.365
Pareto 25 GRFL2 OW2 FR3 VAR2 23 69 1.333,77 4.061,54 13.492
Pareto 26 GRFL2 OW3 FR1 VAR2 21 68 1.336,30 4.061,49 13.751
Pareto 27 GRFL2 OW3 FR3 VAR2 21 68 1.337,76 4.061,38 13.884
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Figure 13.122 Apartment, 1971 - 1990: initial versus life cycle financial and total cost. 
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
To achieve the highest reduction in life cycle external cost for the smallest increase in 
financial investment cost, priorities are identified. Starting from the Pareto option with the 
highest life cycle external cost (Pareto 1 in Table 13.89), actions in order of priority are 
thermally improved glazing, flat roof insulation (16 cm rock wool), floor insulation (10 cm), 
opting for another type of flat roof (cellular concrete slab with 14 cm resol), increased outer 
wall insulation (20 cm EPS) and finally triple glazing. This leads to the sub-optimum (Pareto 
32), characterised by K14 and E65. Further reduction in the life cycle external cost can be 
achieved by increasing the floor insulation (21 cm PUR) and increased flat roof insulation (20 
cm resol). However these extra improvements require a high extra financial investment for a 
relatively low reduction in the life cycle external cost as can be seen from the graph. 
In Table 13.89 the first Pareto optimum, the sub-optimum and the absolute optimum are 
summarised. 
The analysis based on life cycle financial versus life cycle external cost (Figure 13.124) gives 
a different picture from the previous graph. 
Table 13.89 Apartment, 1971 – 1990: the first Pareto optimum (lowest IF), the sub-optimum and 
the absolute optimum based on financial investment versus life cycle external cost.  
  
floor on 
grade 
outer 
wall 
flat 
roof window K E 
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 FR0 VAR1 56 91 1.290,21 249,09 9.999 
Pareto 32 GRFL2 OW9 FR3 VAR4 14 65 1.342,95 209,39 15.714
Pareto 34 GRFL3 OW9 FR4 VAR4 13 65 1.348,75 209,39 15.878
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Figure 13.123 Apartment, 1971 - 1990: initial financial versus life cycle external cost. 
 
 
Figure 13.124 Apartment, 1971 - 1990: life cycle financial versus life cycle external cost. 
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Only window type 2 (thermally improved glazing with standard timber frames) and 4 (triple 
glazing with insulated timber frames) occur on the Pareto front. All apartments consist 
furthermore of flat roof FR3 (cellular concrete slab with 14 cm resol) and have a floor 
insulation of 3 or 10 cm PUR. Outer wall OW2 and OW3 (cavity wall with 14 and 20 cm rock 
wool) occur on the first half of the Pareto front, while these walls only appear in the horizontal 
decline of the Pareto front based on financial investment versus life cycle external cost. 
Despite the high financial investment cost, the cavity wall proves to be preferable based on 
life cycle financial cost. The Pareto optima are summarised in Table 13.90. The sub-optimum 
corresponds to K14 and E65. 
Table 13.90 Apartment, 1971 - 1990: the first Pareto optimum (lowest LF), the sub-optimum and 
the absolute optimum based on life cycle financial versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL2 OW3 FR3 VAR2 21 68 4.061,38 216,28 13.884
Pareto 4 GRFL2 OW3 FR3 VAR4 14 65 4.099,93 209,58 15.729
Pareto 7 GRFL3 OW9 FR3 VAR4 13 65 4.143,13 209,38 15.816
CONTRIBUTION PHASES 
In Figure 13.125 the contribution of the financial and external costs during the different life 
phases and processes of the apartment are presented for the same selection of alternatives 
as for the previous dwellings (without skeleton options). For the existing apartment, an initial 
cost is considered at the current prices in order to gain insight into the contribution of the 
initial cost to the other costs compared to more recent apartments. 
The same conclusions as for the previous dwellings can be drawn. The energy use 
contributes most to the life cycle external cost. From a financial point of view the focus 
should be on the optimisation of cleaning, maintenance and replacement costs. 
 
Figure 13.125 Apartment, 1971 - 1990: financial and external costs for the different phases and 
processes for a selection of variants. 
A more detailed analysis of the external cost is presented in Figure 13.126 and Figure 
13.127, analogous to the treatment of the previous dwellings. The life cycle environmental 
cost of the extra optimal variant (last on Figure 13.126) is 25% lower than the earlier defined 
sub-optimum (third on the graph in Figure 13.126). Figure 13.127 reveals that for the 
apartment representative of the period 1971-1990, the heating cost represents 77% of the 
life cycle cost while the construction of the dwelling is responsible for 17%. The construction 
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cost gains more importance for the optimised variants to 33% for the sub-optimum based on 
external cost and to 31% for the extra optimal variant with improved air-tightness. 
The net energy demand of the third extra optimal option (last option in Figure 13.126) equals 
29 kWh/m2, year which is higher than the maximum allowed for the passive standard (15 
kWh/m2, year). 
 
Figure 13.126 Apartment, 1971 - 1990: external costs for the different phases and processes for a 
selection of variants. 
 
Figure 13.127 Apartment, 1971 - 1990: proportional distribution of the external costs for the 
different phases and processes for a selection of variants.24 
CONTRIBUTION ELEMENTS 
For the third extra optimum (based on environmental cost), the contribution of the different 
elements to the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.128. The elements which contribute most to the external cost are (in 
order of importance) the intermediate floors, the services and the outer walls. The elements 
which contribute most to the financial cost are the intermediate floors and the loadbearing 
inner walls. The elements which are not mentioned contribute to a minor extent (< 10%). 
                                                 
24 The EOL E is deducted from the IE. 
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Figure 13.128 Apartment, 1971 - 1990: contribution of the different elements to the life cycle 
financial and external cost (exclusive heating) for the third extra environmental 
optimum. 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.91. 
The first Pareto option is identical for all scenarios. For a reduced life span of 30 years the 
optimal K and E values are higher for all costs, except for the sub-optimum based on 
environmental cost with an identical value. For a prolonged life span (120 years) the optimal 
values are lower, except for the absolute optimum based on environmental and total cost 
with an identical value. The sub-optimum based on financial cost corresponds moreover to 
slightly higher values.  
Table 13.91 Apartment, 1971 - 1990: summary of the K and E values of the optima (IE/LE, IF/LF 
and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings. 
 
 
 
 
  
optima
first K27 E66 K99 E126 K99 E126 K27 E66 K99 E126 K99 E126 K27 E66 K99 E126 K99 E126
sub K14 E59 K29 E68 K23 E64 K14 E59 K20 E62 K20 E69 K11 E58 K22 E63 K18 E61
absolute K13 E59 K20 E62 K20 E62 K10 E58 K22 E63 K15 E60 K10 E58 K15 E60 K15 E60
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.05.04 Apartment, type 4 (1991 – 2001) 
The external, financial and total costs of all variants are plotted on a single graph in Figure 
13.129. The results reveal that the external cost represents on average 4% of the total cost, 
with a minimum of 4% and a maximum of 5%. Consequently, the total cost is mainly 
determined by the financial cost. For the reference of the period 1991-2001, the contribution 
of the external ‘remaining’ cost to the total cost equals 4%. 
Without solar shading devices or increased ventilation in summer, overheating occurs in the 
apartment. This proves not only to be true for the well-insulated apartments, but even for the 
current practice with an Iover of 16.870 Kh. For the apartments with an Iover higher than 17.500 
Kh, shading devices are foreseen. The apartments with shading devices and an Iover higher 
than 17.500 Kh are excluded from the analysis. The E-values in this section are reported 
assuming shading devices (if necessary). Since the apartments with an Iover between 8.000 
and 17.500 Kh are considered to risk the installation of a cooling device within the EPB 
approach, the E-values of the apartments are often high compared to the low K-values. 
Therefore, the E-values are also mentioned (in brackets) assuming an increased ventilation 
rate of 3 air changes per hour in summer months. 
 
Figure 13.129 Apartment, 1991 - 2001: initial versus life cycle cost. 
EXTERNAL COST 
The external costs are shown separately in Figure 13.130. A differentiation is made between 
the apartments with different window types. The Pareto front is shown in Table 13.92. The 
first Pareto optimum (lowest IE) consists of a non-insulated floor on grade, outer wall OW8 
(stucco on 14 cm EPS), a flat roof consisting of a cellular concrete slab with 14 cm resol and 
standard double glazing. This option corresponds to K65 and E101 (with increased 
ventilation in summer: E86). From an environmental point of view, the first priority to achieve 
the highest reduction in the life cycle cost for the smallest increase in initial cost is opting for 
thermally improved glazing, floor insulation (3 cm), insulated timber frames for the windows, 
increased floor insulation (10 cm), increased outer wall insulation (20 cm) and triple glazing. 
These steps result in the sub-optimum (Pareto 11), characterised by K28 and E74 (E55). The 
sub-optimum differs from the first optimum in window type (triple glazing). The life cycle 
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external cost can be further reduced by adding 10 cm floor insulation and opting for another 
type of outer wall OW1 (cavity wall with 7,5 cm rock wool and a brick veneer). However, this 
final step requires a high extra external investment cost for a relatively low reduction in the 
life cycle external cost. 
Several steps are not of interest to reach to the sub-optimum (high extra investment cost for 
a relatively low reduction in the life cycle cost) and are omitted in the previous paragraph. 
These Pareto options are indicated in italics in Table 13.92. 
 
Figure 13.130 Apartment, 1991 - 2001: initial versus life cycle external cost.25 
Table 13.92 Apartment, 1991 - 2001: Pareto options based on external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E (E)26 
IE (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
 
Pareto 1 GRFL0 OW8 FR3 VAR1 65 101 (86) 89,97 186,85 16.328 
Pareto 2 GRFL0 OW8 FR3 VAR2 40 82 (66) 89,99 170,85 14.168 
Pareto 3 GRFL1 OW8 FR3 VAR2 37 80 (63) 90,15 168,84 14.826 
Pareto 4 GRFL0 OW8 FR3 VAR3 37 79 (63) 90,27 168,51 14.935 
Pareto 5 GRFL1 OW8 FR3 VAR3 34 77 (60) 90,43 166,48 15.658 
Pareto 6 GRFL1 OW8 FR4 VAR3 33 77 (60) 90,73 166,31 15.837 
Pareto 7 GRFL2 OW8 FR3 VAR3 32 76 (59) 90,79 165,38 16.159 
Pareto 8 GRFL2 OW8 FR4 VAR3 31 76 (58) 91,09 165,21 16.349 
Pareto 9 GRFL2 OW9 FR3 VAR3 30 75 (57) 91,17 164,86 16.748 
Pareto 10 GRFL2 OW9 FR4 VAR3 29 75 (56) 91,48 164,69 16.950 
Pareto 11 GRFL0 OW8 FR3 VAR4 28 74 (55) 91,62 162,12 17.382 
Pareto 12 GRFL2 OW1 FR3 VAR4 28 74 (55) 93,54 162,01 17.475 
  
                                                 
25 The E-values in brackets are with an increased ventilation rate of 3 air changes per hour in summer. 
26 The E-values in brackets are with an increased ventilation rate of 3 air changes per hour in summer. 
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The first Pareto option (lowest IE) requires an initial financial investment cost of 1.566 
euro/m² floor and results in a life cycle financial cost of 4.142 euro/m² floor. To reach to the 
sub-optimum (Pareto 11), an extra investment of 42 euro/m² floor (3%) is required, and 
results in a slight increase (< 1%) in the life cycle financial cost (14 euro/m² floor). The life 
cycle external cost is reduced by 13%. This is approximately identical to the reduction 
achieved for the absolute optimum (Pareto 12).  
The option with the highest life cycle external cost of all options is characterised by K155 and 
E174. A reduction of 33% in the life cycle external cost and 1% in the life cycle financial cost 
is achieved by Pareto 11.  
FINANCIAL AND TOTAL COST 
The financial and total costs are presented in Figure 13.131. The Pareto set based on 
financial cost (Table 13.93) differs substantially from the one based on external cost (Table 
13.92). 
The Pareto set also starts with a non-insulated floor, outer wall OW8 and standard double 
glazing, but consists of a non-insulated flat roof. The first priority (to reduce the life cycle 
financial cost) is opting for thermally improved glazing, followed by flat roof insulation (16 cm 
rock wool). This leads to the sub-optimum, characterised by K42 and E83 (E67). This option 
does not coincide with the sub-optimum based on external cost. The life cycle financial cost 
can further be reduced by adding floor insulation (3 and 10 cm PUR) or/and opting for 
another type of outer wall (cavity wall with 7,5 and 14 cm rock wool). These final steps 
require a relatively high extra investment. 
A similar analysis is executed for the total cost. The first ten Pareto options are identical to 
the financial based ones. The sub-optimum equals the sub-optimum based on financial cost, 
but the absolute optima differ. 
 
Figure 13.131 Apartment, 1991 - 2001: initial versus life cycle financial and total cost. 
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Table 13.93 Apartment, 1991 - 2001: Pareto options based on financial cost. 
  
floor 
on 
grade 
outer 
wall 
flat 
roof window K E (E)27 
IF (€/m² 
floor) 
LF (€/m² 
floor) 
Iover 
(Kh)
   
Pareto 1 GRFL0 OW8 FR0 VAR1 121 142 140 1.549,00 4.211,01 9.437
Pareto 2 GRFL1 OW8 FR0 VAR1 118 139 137 1.551,22 4.209,39 9.647
Pareto 3 GRFL0 OW8 FR0 VAR2 96 120 119 1.552,87 4.188,87 9.322
Pareto 4 GRFL1 OW8 FR0 VAR2 93 118 116 1.555,72 4.187,11 9.570
Pareto 5 GRFL2 OW8 FR0 VAR2 91 116 115 1.557,67 4.185,32 9.737
Pareto 6 GRFL0 OW8 FR1 VAR1 66 101 88 1.559,77 4.139,95 15.985
Pareto 7 GRFL1 OW8 FR1 VAR1 64 100 85 1.562,62 4.137,67 16.526
Pareto 8 GRFL0 OW8 FR1 VAR2 42 83 67 1.564,27 4.109,12 13.771
Pareto 9 GRFL1 OW8 FR1 VAR2 39 81 65 1.567,13 4.106,38 14.398
Pareto 10 GRFL2 OW8 FR1 VAR2 37 80 63 1.569,08 4.103,97 14.831
Pareto 11 GRFL0 OW1 FR1 VAR2 46 85 71 1.585,71 4.080,43 16.862
Pareto 12 GRFL1 OW1 FR1 VAR2 43 84 69 1.588,56 4.077,75 13.450
Pareto 13 GRFL2 OW1 FR1 VAR2 41 83 67 1.590,52 4.075,38 13.834
Pareto 14 GRFL2 OW2 FR1 VAR2 37 79 63 1.595,08 4.073,96 14.876
ANALYSIS OF EXTRA PARETO FRONT CRITERIA 
To achieve the highest reduction in life cycle external cost for the smallest increase in 
financial investment cost, priorities are identified. Starting from the Pareto option with the 
highest life cycle external cost (Pareto 1 in Table 13.94), actions in order of priority are 
thermally improved glazing, flat roof insulation (16 cm rock wool), floor insulation (3 and 10 
cm PUR) and opting for another type of flat roof (cellular concrete slab + 14 cm resol). This 
leads to the sub-optimum, characterised by K35 and E78 (E61). Further decrease in the life 
cycle external cost is possible by opting for triple glazing and/or another type of outer wall 
(cavity wall with 7,5 cm rock wool and a brick veneer). However these extra measures 
require a high extra financial investment for a relatively low reduction in the life cycle external 
cost as can be seen from the graph. 
In Table 13.94 the first Pareto optimum, the sub-optimum and the absolute optimum are 
summarised. 
Table 13.94 Apartment, 1991 – 2001: the first Pareto optimum (lowest IF), the sub-optimum and 
the absolute optimum based on financial investment versus life cycle external cost.  
  
floor 
on 
grade 
outer 
wall 
flat 
roof window K E (E)28
IF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
   
Pareto 1 GRFL0 OW8 FR0 VAR1 121 142 140 1.549,00 224,07 9.437
Pareto 13 GRFL2 OW8 FR3 VAR2 35 78 61 1.574,95 167,80 15.282
Pareto 24 GRFL2 OW1 FR3 VAR4 28 74 55 1.634,34 162,01 17.475
The analysis based on life cycle financial versus life cycle external cost gives a different 
picture from the previous graph. The most remarkable difference is the choice of outer wall 
type. All Pareto optima consist of cavity walls with a brick veneer. This type of wall never 
appears on the initial financial cost versus life cycle external cost Pareto set except for the 
final option. Despite the high financial investment cost, this wall proves to be preferred based 
on life cycle financial cost. The Pareto optima are summarised in Table 13.95. The sub-
optimum corresponds to K35 and E78 (E61). This equals the values for the sub-optimum 
                                                 
27 The E-values in brackets are with an increased ventilation rate of 3 air changes per hour in summer. 
28 The E-values in brackets are with an increased ventilation rate of 3 air changes per hour in summer. 
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based on initial financial cost versus life cycle external cost, but the apartment is differently 
composed (OW3 instead of OW8 and FR1 instead of FR3). 
 
Figure 13.132 Apartment, 1991 - 2001: initial financial versus life cycle external cost. 
 
Figure 13.133 Apartment, 1991 - 2001: life cycle financial versus life cycle external cost. 
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Table 13.95 Apartment, 1991 - 2001: the first Pareto optimum (lowest LF), the sub-optimum and 
the absolute optimum based on life cycle financial versus life cycle external cost. 
  
floor on 
grade 
outer 
wall 
flat 
roof window K E (E)29 
LF (€/m² 
floor) 
LE (€/m² 
floor) 
Iover 
(Kh)
  
Pareto 1 GRFL2 OW2 FR1 VAR2 37 79 63 4.073,96 171,70 14.876
Pareto 3 GRFL2 OW3 FR1 VAR2 35 78 61 4.074,51 170,91 15.354
Pareto 17 GRFL2 OW1 FR3 VAR4 28 74 55 4.122,45 162,01 17.475
CONTRIBUTION PHASES 
In Figure 13.134 the contribution of the financial and external costs during the different life 
phases and processes of the apartment are presented for the same selection of alternatives 
as for the previous dwellings (without skeleton options). For the existing apartment, an initial 
cost is considered at the current prices in order to gain insight into the contribution of the 
initial cost to the other costs compared to more recent apartments. 
The conclusions are somewhat different from those for the other dwellings. The optimisation 
potential from an environmental point of view for common practice to date is mainly the initial 
phase (production of the materials, transport and construction of the building) rather than the 
heating demand. From a financial point of view optimisation of cleaning, maintenance and 
replacement costs remains the major focus point for further optimisation. 
A more detailed analysis of the external cost is presented in Figure 13.135 and Figure 
13.136, analogous to the treatment of the previous dwellings. The importance of the initial 
phase is clearly shown in Figure 13.134. However, part of the initial cost is paid back at the 
end of the life cycle of the dwelling by re-use and/or recycling of the materials. This is the 
reason why the percentage of IE (minus EOL E) in Figure 13.135 is proportionally lower than 
for heating. Figure 13.136 reveals that for the apartment representative of the period 1991-
2001, the heating cost represents 54% of the life cycle cost while the construction of the 
dwelling is responsible for 34%. The construction cost gains importance for the optimised 
variants to 39% for both the sub-optimum based on external cost and the extra optimal 
variant with improved air-tightness. 
The net energy demand of the extra optimum with improved air tightness (last option in 
Figure 13.134) equals 26 kWh/m2, year which is higher than the maximum allowed for the 
passive standard (15 kWh/m2, year). 
 
Figure 13.134 Apartment, 1991 - 2001: financial and external costs for the different phases and 
processes for a selection of variants. 
                                                 
29 The E-values in brackets are with an increased ventilation rate of 3 air changes per hour in summer. 
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Figure 13.135 Apartment, 1991 - 2001: external costs for the different phases and processes for a 
selection of variants. 
A more detailed analysis of the initial cost of all options analysed reveals that the production 
of the materials is the most important cause of the initial environmental impact (on average 
96%). Transport is on average responsible for 4% of the initial external cost. The importance 
of the different elements to the external cost is elaborated in the next paragraph. 
 
Figure 13.136 Apartment, 1991 - 2001: proportional distribution of the external costs for the 
different phases and processes for a selection of variants.30 
CONTRIBUTION ELEMENTS 
For the extra optimum (based on environmental cost), the contribution of the different 
elements in the life cycle financial and external cost (excluding heating) is investigated and 
presented in Figure 13.137.  
 
Figure 13.137 Apartment, 1991 - 2001: contribution of the different elements to the life cycle 
financial and external cost (exclusive heating) for the third extra environmental 
optimum. 
                                                 
30 The EOL E is deducted from the IE. 
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The elements which contribute most to the external cost are (in order of importance) the 
intermediate floors, the services and the outer walls. The elements contributing most to the 
financial cost are the intermediate floors and the windows. The elements which are not 
mentioned contribute to a minor extent (< 10%). 
SENSITIVITY ANALYSIS 
The sensitivity analysis reveals that the results are influenced by the considered life span of 
the dwelling. It is mainly the importance of the heating demand which plays a role. Therefore 
the obtained K and E values of the optima (first Pareto option, sub-optimum and absolute 
optimum) are summarised for the three considered life spans (30, 60 and 120 years) in Table 
13.96. 
For a reduced life span of 30 years the optimal K and E values are identical, but are lower for 
the absolute optima. This is due to the more detailed analysis of shading devices for a life 
span of 60 years, which is not repeated for the life span of 30 and 120 years. However, if no 
shading devices were foreseen in the apartment, the K- and E-values of the analysis of 60 
years lie between these of the analysis of 30 and 120 years. For a prolonged life span (120 
years) the optimal values are lower. 
Table 13.96 Apartment, 1991 - 2001: summary of the K and E values of the optima (IE/LE, IF/LF 
and IT/LT) for the three considered dwelling life spans (30, 60 and 120 years). 
 
A sensitivity analysis of the economic parameters is not made because of their limited 
influence on the results in the previous dwellings.  
optima
first K45 E87 K80 E105 K80 E105 K81 E105 K80 E105 K80 E105 K45 E87 K80 E105 K80 E105
sub K20 E69 K32 E76 K32 E76 K20 E69 K33 E76 K32 E76 K15 E67 K26 E73 K23 E71
absolute K16 E67 K28 E74 K25 E72 K18 E68 K33 E76 K32 E76 K14 E67 K22 E71 K23 E71
30 year
IE/LE IF/LF IT/LT IE/LE IF/LF IT/LT
60 year 120 year
IE/LE IF/LF IT/LT
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13.06 Comparison of the dwellings 
13.06.01 Comparison of the results of the analyses 
In this final section, the dwellings are compared. The costs are in the first instance compared 
per m² floor area, in line with the presentation of the results in the previous sections of this 
chapter. As elaborated in chapter 06, a comparison per inhabitant is added as a second 
reference base. Although the period is mentioned for which each of the dwellings is 
representative, the Pareto fronts represent the optimisation of newly built dwellings. The 
different periods are however important in terms of differing size, compactness, window 
percentage and other dwelling characteristics.  
COMPARISON OF THE INITIAL AND LIFE CYCLE COSTS 
In Figure 13.138 the Pareto fronts (solid) of the financial costs of all dwellings are presented 
on a single graph. The terraced dwellings ‘1971 – 1990’; ‘1991 – 2001’ and ‘before 1945 type 
2’ lead to the lowest initial and life cycle financial cost per m² floor area. The detached 
dwellings ‘1945 – 1970’ and ‘before 1945’ together with the apartments ‘1971 – 1990’ and 
‘1991 – 2001’ lead to the highest initial and life cycle financial cost per m² floor area. The 
high cost of the apartments can be explained by the lower floor area of these compared to 
the other dwellings, resulting in a higher cost per m². 
The comparison furthermore reveals that the Pareto fronts of the different dwelling types 
alternate. The dwelling layout and compactness clearly influences the financial costs (both 
initial and life cycle). 
In Figure 13.139 the Pareto fronts (solid) of the external costs of all dwellings are presented. 
The terraced dwellings, ‘1971 – 1990’, ‘before 1945 type 2’ and ‘1991 – 2001’ lead to the 
lowest initial and life cycle external cost per m² floor area. This is in line with the financial 
cost, although now the dwelling ‘terraced before 1945 type 2’ is preferred above the terraced 
‘1991 – 2001’. The relative difference between the dwellings is moreover higher.  
 
Figure 13.138 Financial cost: Pareto fronts of the analysed dwellings (except detached, before 
1945), expressed per m² floor area. 
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Figure 13.139 External cost: Pareto fronts of the analysed dwellings (except detached, before 
1945), expressed per m² floor area. 
The dwellings which lead to the highest initial and life cycle environmental cost differ from the 
ones leading to the highest initial and life cycle financial cost. The ones with the highest 
environmental costs are the detached ‘before 1945’, the apartment ‘1971 – 1990’, the 
detached ‘1945 – 1970’ and ‘1991 – 2001’ and the apartment ‘1991 – 2001’. Although the 
apartments ‘1991 – 2001’ and ‘1971 – 1990’ require a high initial environmental cost, their life 
cycle cost is lower than of the detached and some of the semi-detached dwellings. 
For both the external and life cycle cost, some of the Pareto fronts of the dwellings are 
interspersed, meaning that the preference depends on the available initial budget (financial 
or environmental). 
Similar graphs are plotted expressing the costs per inhabitant instead of per m² floor area 
(Figure 13.140 and Figure 13.141). Both from a financial and environmental point of view the 
order of preference differs compared to the analysis per m² floor area. 
The four most preferred dwellings based on financial cost are the semi-detached ‘1991 - 
2001’, the apartment ‘1945 – 1970’, detached ‘1971 – 1990’ and detached ‘1945 – 1970’. 
The cost of the other dwellings is however not much higher except for the five highest, which 
are the terraced ‘1971 – 1990’, the semi-detached ‘1945 – 1970’, the detached ‘before 1945’, 
the terraced ‘before 1945 – type 2’ and the apartment ‘1991 – 2001’. This clearly illustrates 
that there is no preference in specific dwelling type, but that the cost (and thus the 
preference) depends on the layout and size of the dwelling. 
The order of dwellings based on environmental cost differs from the order based on financial 
cost. The four dwellings which lead to the lowest initial and life cycle external cost are the 
semi-detached ‘before 1945’, the apartment ‘1945 – 1970’, the detached ‘1945 – 1970’ and 
the semi-detached ‘1991 – 2001’. As for the financial cost, again the other dwellings do not 
lead to a much higher environmental cost, except for four dwellings. These are the semi-
detached ‘1945 – 1970’, the terraced ‘before 1945 type 2’, the detached ‘before 1945’ and 
the apartment ‘1991 – 2001’. These latter four result in both a higher environmental 
investment and life cycle cost. 
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Figure 13.140 Financial cost: Pareto fronts of the analysed dwellings (except detached, before 
1945), expressed per inhabitant. 
 
 
Figure 13.141 External cost: Pareto fronts of the analysed dwellings (except detached, before 
1945), expressed per inhabitant. 
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As for the financial cost, no absolute preference is identified for one of the dwelling types 
from an environmental point of view. 
The dwellings which result in a high financial cost correspond to the ones which result in a 
high environmental cost (although there is a shift in preference). The high cost of the 
apartment ‘1991 – 2001’ and the detached ‘before 1945’ can be explained by the high cost 
per m² floor area and a floor area per inhabitant which is quite high (48 and 42 m² per 
inhabitant respectively). The cost per inhabitant of the terraced house ‘before 1945 – type 2’ 
and the semi-detached ‘1945-1970’ despite their low cost per m² floor area, can be explained 
by their large floor area per inhabitant: 71 and 50 m² per inhabitant respectively. The floor 
area per inhabitant of all analysed dwellings is summarised in Table 13.97. The size of the 
dwelling is thus proved to be an important optimisation parameter. 
Table 13.97 Comparison of the floor area per inhabitant of the analysed dwellings. 
 
Furthermore, the analysis reveals that the optimisation potential for a specific dwelling is 
more limited from a financial point of view than from an environmental point of view (shorter 
Pareto fronts for the financial cost). For the financial cost the optimisation potential of the life 
cycle cost for the Pareto optima is on average 5%, for the environmental cost it is on average 
25%. The optimisation potential however differs for the different dwellings: for the financial 
cost it ranges from 2 to 12%, while for the environmental cost the minimum equals 7% and 
the maximum 38%.  
Finally, the comparison of the dwellings shows that the difference between the life cycle 
costs between the dwellings is higher than the difference between the options for one 
dwelling. The life cycle financial cost of the absolute optimum of the semi-detached dwelling 
‘1991 – 2001’ is 52% lower than the life cycle financial cost of the absolute optimum of the 
apartment ‘1991 – 2001’. The maximum optimisation potential of a single dwelling is 
identified in the previous sections as 12% (ranging from 0,5% to 12%). The life cycle 
environmental cost of the absolute optimum of the semi-detached ‘before 1945’ is 57% lower 
than the life cycle external cost of the absolute optimum of the detached ‘before 1945’. The 
maximum optimisation potential of a single dwelling of the environmental cost is in the 
previous sections identified as 50% (ranging from 30% to 50%). 
For the optimisation of the dwelling stock one should focus first on the improvement of the 
dwelling type, layout and size and in second instance on the improvement of the insulation 
level of the dwelling and the choice of building materials.  
ENVIRONMENTAL OPTIMISATION POTENTIAL 
In table 13.98 the costs of the different dwellings are summarised for the existing reference 
(costs-in-use and EOL), the reference for common practice to date and the optimised 
dwelling based on environmental cost. The environmental optimisation potential of the 
dwellings compared to the current practice is on average 18%, with a minimum of 9% and a 
maximum of 35%. 
A reduction in the life cycle environmental impact does not necessarily lead to a reduction in 
the life cycle financial cost, as is pointed out in the previous sections. This is also illustrated 
in table 13.98. Most of the optimised dwellings lead to a limited reduction in the life cycle 
financial cost (0 to -16%), but for some of the dwellings it results in an increase (0 to +13%). 
The measures require an extra financial investment cost ranging from 0 to +31%, with 6% on 
average. Therefore, it seems that striving for a more sustainable dwelling stock is feasible in 
terms of affordability.   
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Although renovation measures are not investigated, a first estimation of the renovation 
potential of the existing dwelling stock is made. This is based on the calculation of the 
‘remaining’ environmental costs of the non-renovated existing dwellings compared to the life 
cycle environmental cost (including initial cost) of the optimised newly built dwelling. The 
‘remaining’ costs include the costs-in-use and the EOL cost. Based on this first 
approximation, the optimisation potential of the non-renovated dwellings, built before 1970, 
equals on average 62%, while the optimisation potential of the dwellings built between 1970 
and 1990 equals 20%.  
The financial consequences within the renovation optimisation are less relevant, since it is 
assumed that the existing buildings are completely rebuilt. This results in high extra financial 
costs. However, the analysis reveals that the optimisation of the dwellings built before 1970 
on average result in a 15% increase in the life cycle financial cost. This means that rebuilding 
these dwellings (and using these for the next 60 years) leads (on average) to a 15% higher 
financial cost than using the existing non-renovated dwelling for the coming 60 years. The life 
cycle financial cost of the optimised newly built dwellings is on average 36% higher than the 
remaining cost of the dwellings built between 1970 and 1990. From an environmental point of 
view however, the cost is 20% lower as pointed out before. 
Table 13.98 also summarises the K- and E-values of the dwellings based on environmental 
and financial cost optimisation. However, these do not correspond to the calculated energy 
demand since some adaptations are made for the latter as elaborated in chapter 06. 
Furthermore, no shading devices are considered within the analysis for the options with an 
overheating indicator Iover lower than 17.500 Kh. For the dwellings with a large window area 
this results in a risk of overheating and active cooling which leads to a high E-value despite 
the low K-value. This is the case for the detached dwellings ‘1971 – 1990’ and the four 
apartments. For these dwellings, the E-value is therefore also mentioned assuming an 
increased ventilation rate in summer in order to avoid overheating. These extra calculated E-
values are mentioned too (in brackets) and prove to be 3 to 19 E-points lower. 
For the comparison of the E-values of the dwellings it is important to keep in mind that the 
heating installation is not identical for all dwellings31. This may lead to a difference in E-value 
for an identical net energy demand. In addition, the net energy demand for the extra optimal 
variants based on environmental cost are added to the table. The net energy demand of the 
optimised dwellings is identified as 28 kWh/m² floor, year on average. For the detached 
dwellings, the average net heating demand for the optimised dwellings equals 39 kWh/m², 
year; for the semi-detached dwellings it equals 32 kWh/m², year; for the terraced dwellings 
15 kWh/m²,year and for the apartments 26 kWh/m², year. Only the optimum of the terraced 
dwellings equals the passive standard, the optimum of the other dwelling types results in a 
higher net heating demand than 15 kWh/m², year. 
The reduction in the life cycle environmental cost is mainly due to a reduction in CO2 
equivalents, followed by SO2, fossil fuels, NOx, PM2.5, acidification/eutrophication and land 
use. An increase in external cost is noticed for ecotoxicity and respiratory effects due to 
inorganic compounds. 
In terms of equivalents, the largest reduction is observed for SO2, followed by the VOCs, 
fossil fuels, CO2 equivalents, acidification/eutrophication and NOx. An increase of some other 
emissions is noticed, however these remain negligible. This is illustrated for the detached 
                                                 
31 The optima and extra optima summarised in table 13.98 are all equipped with a condensing gas boiler except 
for the detached 1991-2001, the semi-detached <1945 (both are equipped with a heat pump with solar boiler) and 
the terraced type 1 (<1945) (equipped with a condensing gas boiler combined with a solar boiler). If all extra sub-
optimal dwellings are equipped with a heat pump with solar boiler, the E-value equals E33 on average (compared 
to the E41 mentioned on page 420). However, the heatpump proves not to be situated on the Pareto front for all 
dwellings. If the extra sub-optimal detached dwelling 1991-2001 is equipped with a condensing gas boiler, its E-
value rises from E25 to E39. This is in line with the value of the other dwellings. The same is noticed for the semi-
detached <1945 (from E18 to E39). For the extra sub-optimal terraced dwelling type 1 (<1945) the E-value rises 
from E32 to E42 if the solar boiler is omitted. This is again in line with the other dwellings. 
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dwelling ‘before 1945’ (Figure 13.142 and Table 13.99). The environmental cost due to the 
use phase and EOL phase of the reference dwelling ‘before 1945’ is compared to the life 
cycle environmental costs of the references for newly built dwellings and the extra sub-
optimum with an improved air-tightness (Figure 13.142).  
The environmental effects due to the use phase and EOL phase of the reference dwelling 
‘before 1945’ (remaining effects’) are compared to these of the extra sub-optimum with 
improved air-tightness due to its entire life cycle (Table 13.99). 
 
Figure 13.142 External cost for the use and EOL phase of the detached dwelling before 1945 
compared to the entire life cycle of the newly built solid and skeleton reference and 
the extra sub-optimum with improved air tightness (expressed in euro per m² floor). 
Table 13.99 Environmental effects of the use and EOL phase of the detached dwelling before 1945 
compared to the entire life cycle impact of the extra sub-optimum with improved air 
tightness of the identical newly built dwelling (expressed per m² floor area). 
reference 1945 
(use phase + EOL) 
extra optimum 
(life cycle) 
reduction / 
increase (%) 
CO2 equivalents ton 7,47 1,61 -78% 
SO2 mg 10.468.855 1.394.889 -87% 
NOX mg 7.060.538 1.868.908 -74% 
PM2.5 mg 366.930 167.830 -54% 
NH3 mg 19.198 40.677 112% 
VOC mg 3.705.192 580.722 -84% 
Carcinogens mg 3,41E-05 5,27E-05 55% 
Resp. organics mg 5,8E-07 2,79E-07 -52% 
Resp. inorganics mg 6,20E-05 8,45E-05 36% 
Climate change DALY 7,71E-07 5,38E-07 -30% 
Radiation DALY 8,87E-06 5,19E-06 -42% 
Ozone layer DALY 7,3E-09 2,60E-07 3.464% 
Ecotoxicity PDF x m² x year 23,53 32,91 40% 
Acidification/ 
Eutrophication PDF x m² x year 51,86 12,32 -76% 
Land use PDF x m² x year 51,18 18,41 -64% 
Minerals MJ surplus energy 3,06 45,27 1.377% 
Fossil fuels MJ surplus energy 14.447 2.995 -79% 
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13.06.02 Water use, electricity and transport of inhabitants during use phase 
WATER USE 
The external cost of freshwater for an average family (110 litre / person, day) equals 48,8 
euro per person, per year. For a life span of 60 years, the sum of the present values of the 
external cost for water equals 2.194 euro per person. Compared to the other life cycle 
external costs per inhabitant (Figure 13.141) for the optimised dwellings, water use is 
responsible for a significant external cost (ca. 30% of the LE as calculated in the previous 
sections). This is illustrated in more detail in Figure 13.143 for a selection of the analysed 
dwellings. For the extremely high energy consuming dwellings, for example the terraced 
house ‘before 1945’, water represents only 16% of the heating cost. For the optimised 
terraced house, the external cost of water equals 88% of the environmental heating cost and 
for the extra optimum variant it becomes more important than heating (112%)! For the 
optimised detached dwelling ‘1971 – 1990’ the external water cost equals 71%, and for the 
extra optimum it equals 80% of the external heating cost. The apartment shows a similar 
picture with 63% and 73% respectively. Focus should thus be on both heating and water use 
for further optimisation of the dwellings. If rainwater were used for half of the freshwater 
demand, the life cycle external cost for water becomes 2.001 euro per person. This is without 
calculating the cost for the necessary extra private infrastructure. The optimisation potential 
is therefore in the first instance the reduction in the water consumption and only in a second 
step in the use of rainwater. 
For the calculation of the financial cost of water, a fixed amount of 41 euro per household per 
year and a variable amount of 3,786 euro / m³ are assumed. The sum of the present values 
of the financial cost for water equals 6.826 euro per person (assuming four persons in the 
household). This is not an important cost for all dwellings analysed in Figure 13.144 (ca. 5% 
of the LF as calculated in the previous sections). Heating and/or other periodic costs 
(maintenance, cleaning and replacements) are more important. However, for the extra 
optimal terraced house (Figure 13.144), the water cost is higher than the heating cost 
(118%). 
ELECTRICITY USE 
The external cost of electricity use by an average family (5.000 kWh) equals 246 euro per 
household, per year. If four inhabitants are assumed, this equals 61,5 euro per person, per 
year. For a life span of 60 years, the sum of the present values of the external cost for 
electricity equals 2.769 euro per person. Compared to the other life cycle external costs per 
inhabitant (Figure 13.141) for the optimised dwellings, electricity is rather important (ca. 50% 
of the LE as calculated in the previous sections). This is illustrated in more detail in Figure 
13.143. For the dwellings with a high heating demand and for the reference for newly built 
dwellings, the external electricity cost is low compared to the other costs. For the optimised 
dwellings however, this cost is more important than the heating and freshwater cost. 
The financial cost of electricity for an average family equals 987 euro per household, per 
year. Assuming four inhabitants, the sum of the present values of the financial cost equals 
14.800 euro per person (assuming four persons in the household). It represents about 15% 
of the life cycle financial cost as calculated in the previous sections. For the badly insulated 
dwellings, this cost is relatively low. For the optimised dwellings, the electricity cost is higher 
than the heating cost. This is shown in Figure 13.144. However, this cost remains relatively 
unimportant for all dwellings since the heating and/or other periodic costs are higher. 
TRANSPORT OF THE INHABITANTS DURING USE PHASE 
The transport scenario, as described in chapter 06, leads to an external cost of 409 euro per 
person, per year. For a life span of 60 years, the sum of the present values of the external 
cost for transport equals 18.405 euro per person. Compared to the other life cycle external 
costs per inhabitant (Figure 13.141) for the optimised dwellings, transport during use phase 
leads to a very important external cost (about 2,5 times higher than the life cycle 
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environmental cost as calculated in the previous sections). This is illustrated in more detail in 
Figure 13.143. For all dwellings in the graph, transport leads to the highest environmental 
cost. However, the dwellings with a higher heating demand, as for example the original 
detached house ‘before 1945’, the heating cost remains the most important.  
The financial cost for the inhabitants during use phase equals 3.033 euro per person, per 
year (assuming a cost of 0,30 euro/km). For a life span of 60 years, the sum of the present 
values of the financial cost for transport equals 181.980 euro per person. This is by far the 
most important of all considered costs for both the existing and optimised dwellings (Figure 
13.144).  
 
Figure 13.143 External costs for the different phases and processes of a selection of the dwellings, 
including water, electricity and transport of the inhabitants – expressed per 
inhabitant. 
 
Figure 13.144 Financial cost for the different phases and processes of a selection of the dwellings, 
including water, electricity and transport of the inhabitants – expressed per 
inhabitant. 
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13.06.03 Quality evaluation 
It is important to remark that the financial and environmental costs are not the only 
determining parameters for the decision maker. Quality is an equal important aspect. 
Although the life cycle environmental cost of the terraced house, analysed in detail in the 
previous paragraphs, is the lowest of the three, the quality is also lower than for the other 
dwellings. This is moreover valid for the four different household profiles defined (Figure 
13.146). Although the cost of the detached dwelling and the apartment are higher, the 
building owner might be prepared to pay for the extra quality. 
 
Figure 13.145 Pareto front based on quality versus LE for three dwellings (household profile two 
parent family with young children). 
 
Figure 13.146 Quality evaluation for three dwellings according to four household profiles. 
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The quality of the three dwellings (according to the first household profile: two parent family 
with young children) are plotted together with the life cycle external cost (Figure 13.145). The 
optimisation consists of the maximum quality for the lowest life cycle cost. The analysis 
reveals that the three dwellings are situated on the Pareto front. The dwellings with a higher 
life cycle external cost also lead to a higher quality and may thus be preferred. A similar 
analysis can be carried out for the total and financial cost. 
13.07 Conclusions 
The main conclusions drawn from the analysis of the 16 dwellings are summarised in the 
subsequent paragraphs. 
The initial external cost contributes on average 6% to the initial total cost, with a minimum of 
4% and a maximum of 7%. The contribution of the life cycle external cost to the life cycle 
total cost is on average 5%, with a minimum of 3% and a maximum of 8%. Based on these 
findings, it can be concluded that it is important to evaluate financial and external costs 
separately to move towards a more sustainable dwelling stock. Moreover, the addition of the 
external cost to the financial cost would not lead to unaffordable housing, except for 
dwellings with a high energy demand. For the ‘remaining’ costs of the existing dwellings, the 
external costs contribute up to 16%. These results confirm the results of the analysis at the 
element level. 
In view of the first research question (related to this chapter) “How can the environmental 
performance be improved and what are actions in order of priority?” main trends are 
identified. If transport for the inhabitants during use phase is considered, this leads to the 
highest environmental and financial cost during the life cycle of the dwelling. If this cost is not 
considered, the analysis reveals that for dwellings according to common practice to date, 
heating and electricity use contribute most to the life cycle external cost. These are followed 
by the cost for the construction (including production of the materials) of the dwelling and 
fourthly by the freshwater use. For the optimised dwellings, either the construction phase or 
heating (depending on the dwelling) contribute most to the life cycle cost, followed by 
electricity use and freshwater use. The energy cost for heating contributes most to the life 
cycle environmental cost of dwellings built before 1990. 
For low energy dwellings, focus should thus be on electricity use and the construction phase. 
Elements to focus on depend on the dwelling. Although actions in order of priority are all 
identified for elements with a high ratio (amount of element per m² floor area), the order of 
priority does not correspond with the order of importance of the elements (in terms of amount 
per m² floor area). There is thus no link identified between the ratio of the element and the 
priority of measures. This can be explained by the difference in optimisation potential of each 
of the elements. The production of the materials contributes most to the construction phase, 
while transport of the materials is on average only responsible for 4% of the initial cost. 
The environmental optimisation potential of dwellings compared to common practice to date 
is on average 18%, with a minimum of 9% and a maximum of 35%. These percentages are 
based on the optimisation through measures related to the choice of materials, the insulation 
level, the choice of technical installation and the air-tightness of the dwelling. However, 
comparison of the dwellings analysed reveals that the optimisation potential through dwelling 
characteristics (such as layout, size and window area) is even larger. The life cycle external 
cost of the optimum of the dwelling with the highest life cycle cost of all dwellings analysed 
can be reduced by approximately 57% compared to the dwelling with the lowest life cycle 
cost. 
There is no absolute preference identified between the four dwelling types analysed. Neither 
is there a direct link between the size or compactness of the dwelling and the life cycle 
environmental cost. This proves that the environmental impact is determined by a 
combination of parameters such as amongst others size, type, choice of building materials, 
insulation level and window size. The net energy demand of the optimised dwellings is lowest 
for the terraced house (15 kWh/m², year on average) and highest for the detached dwellings 
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(39 kWh/m², year on average). For all dwellings analysed the average net energy demand for 
heating of the optimised variants equals 28 kWh/m², year. This is higher than the standard 
for passive houses (15 kWh/m², year) 
Furthermore, the inclusion of the quality evaluation of a selection of the dwellings confirmed 
the hypothesis that dwellings with a higher life cycle environmental cost may be preferred 
because their quality is more appreciated. 
In view of the last two research questions, actions in order of priority based on financial cost 
and the financial consequences of the priorities from an environmental viewpoint are 
investigated.  
Based on financial considerations, both for existing dwellings and dwellings built according to 
common practice to date, the periodic costs for cleaning, maintenance and replacements 
contribute most to the life cycle cost. For the optimised dwellings, these costs are 
approximately equally important to the initial cost (construction). The heating cost of the 
optimised dwellings is low compared to the other costs. This results in higher optimal K and 
E values than based on environmental cost. The optimal dwellings based on financial cost 
are characterised by K24 on average, while the optima based on environmental cost are 
characterised by K16 on average. The average optimal E-values correspond to E51 and E41 
respectively. The net energy demand of the optimised dwellings based on financial cost 
equals 41 kWh/m² floor, year on average (which is on average 13 kWh/m², year higher than 
for the optima based on environmental cost). 
Consequently priorities based on external and financial cost differ. Thus, measures which 
lead to a reduction in the life cycle external cost do not always imply a reduction in the life 
cycle financial cost. This is confirmed based on the detailed analysis of the optimisation 
steps from an environmental and financial point of view. A negative or affirmative answer to 
the last two research questions can therefore not be formulated. It should be investigated for 
every single measure. However, the optimisation of the 16 dwellings in terms of 
environmental impact leads to a reduction in the life cycle financial cost for most dwellings 
and induces only a minor increase (6% on average) in financial investment cost.  
There are thus certain measures for environmental improvement that are financially 
affordable. Furthermore, many of these are financially justified based on life span. Two more 
Pareto optimisations are made to identify these measures for each of the dwellings. The first 
focuses on the search for those measures which lead to the highest decrease in life cycle 
environmental cost for the lowest increase in financial investment cost. The second strives 
for the highest decrease in life cycle environmental cost for the lowest increase in life cycle 
financial cost.  
The two optimisation criteria lead to different decisions. The optimisation based on minimum 
life cycle financial and environmental cost is most preferred from a sustainability point of 
view. However, the analysis reveals that many of these measures require a high financial 
investment cost. These measures all relate to higher insulation levels. The optimal insulation 
levels are summarised by the K-value of the dwelling and are therefore reported for each of 
the dwellings. The optimum differs between the dwellings, depending on the element ratios, 
but lies between K12 and K35 (average of K18) based on initial financial versus life cycle 
environmental cost and between K11 and K35 (average of K15) based on the life cycle 
financial versus life cycle environmental cost.  
The most preferred heating installation (from the ones analysed) based on initial financial 
versus life cycle environmental cost proves to be the condensing gas boiler combined with a 
solar boiler for domestic hot water. A heat pump with a solar boiler for domestic hot water is 
identified to be preferred based on life cycle financial versus life cycle environmental cost. 
Ventilation system C+ is moreover preferred above system C based on both criteria. The 
optimum E-value based on initial financial versus life cycle environmental cost lies between 
E30 and E68, while the optimum value based on life cycle financial versus life cycle 
environmental cost lies between E29 and E65. This large range is partly due to the difference 
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in dwelling type and dwelling characteristics, and partly due to the chosen heating installation 
(not all dwellings are analysed with a heat pump or solar boiler). 
A sensitivity of the life span moreover reveals that the optimum K-value and E-value based 
on environmental cost are on average 5 and 3 points higher respectively for a life span of 30 
years. The optimum K-value based on financial cost is approximately 5 points higher for a life 
span of 30 years. The E-value based on financial cost rises by 6 points on average. A 
prolonged life span does not lead to other values based on environmental cost, while the 
values based on financial cost decrease. The K-values are on average reduced by 4 points 
and the E-values by 5 points. 
Overheating proves to become an important issue for well-insulated dwellings. The highest 
risk is noticed for the apartments. A good orientation of the building, a correct sizing of the 
windows and the inclusion of shading devices are necessary to achieve comfortable 
buildings without active cooling. 
It may be a task for the government to stimulate these measures which are interesting from 
an environmental point of view but require a high financial investment or life cycle cost. 
However, possible policy measures are not further elaborated in this dissertation. 
Finally average costs per m² floor and per inhabitant are determined for the dwellings 
analysed. This is not only done for the reference for newly built dwellings (common practice 
to date), but also for the optimised dwellings. These values can be used as a first estimation 
during sketch design. Further on in the design process the costs per unit of element as 
calculated in the previous chapter can be used, while at the end of the design process a 
more detailed calculation can be made as is done in this chapter for the sixteen dwellings.
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14.01 Main results and conclusions 
The subject of this PhD research is the development and implementation of an integrated 
quantitative approach to assess the environmental impact, financial cost and qualities of 
residential buildings. The application of the method, based on a global optimisation of the 
dwellings, provides insight into the environmental impact reduction potential and identifies 
actions in order of priority, highlighting the financial consequences.  
14.01.01 Development of an integrated quantitative approach 
The basic concept for the methodology developed is to evaluate the environmental impact 
and the financial cost during the whole life cycle of the building. The method is an extended 
version of the element method which allows an integrated assessment right from the start of 
the design process when the decisions having most impact are taken. The quantitative 
approach ensures the necessary transparency and reproducibility of the results. 
A life cycle assessment is used for the evaluation of the environmental impacts. An endpoint 
approach is followed, expressing the effects on the welfare and wellbeing of the current and 
future generations in monetary terms. These environmental or external costs occur when a 
person or people do not fully account for the impacts on either another person or on society 
as a whole. The willingness-to-pay approach is selected for the monetary valuation by 
proposing a hybrid method to cover quality of ecosystems, depletion of resources and 
several human health effects besides the key pollutants assessed in most available methods. 
The Swiss ecoinvent database, adapted for the Belgian context, is used for the inventory 
data. Furthermore the import of materials, passenger transport, recycling processes and CO2 
emissions (and uptake) of wood products are modelled in detail.  
Although in current practice, one focuses mainly on financial investment cost, a life cycle cost 
approach should and is used for the analysis of the dwelling. Although the element method 
originally was developed for the analysis of financial investment costs, in this research it is 
extended for life cycle cost and external cost estimations. 
For the calculation of the heating demand, the formulae within the Flemish version of the 
steady state Energy Performance for Buildings (EPB) regulations are modelled in the 
assessment tool. This enables the desired adaptations to the energy cost estimations for the 
purpose of this research. The adaptations include a correct calculation of the solar gains, 
determination of the hot water demand based on the number of inhabitants instead of on the 
volume of the dwelling, a refined calculation of the efficiency of the technical installation, 
consideration of the rebound effects, and a different approach in overheating. The model 
allows furthermore the use of different measuring conventions for material and energy 
calculations based on a single input. 
Good quality is a prerequisite for sustainable buildings. The quality evaluation is therefore 
included within this research. Quality is however a subjective aspect and cannot be assessed 
in a similarly objective way as for the financial and environmental cost. However, a method is 
proposed in order to allow a transparent comparison of the quality of the analysed dwellings. 
In reality, of course, every individual will make his own analysis based on his own criteria and 
preferences.  
14.01.02 Developed assessment tool 
The translation of the developed methodology in the assessment tool allows a detailed 
analysis of the life cycle financial and environmental cost of a building to be made. It enables 
the analysis and optimisation at the dwelling and element level. Both rough estimations and 
detailed analysis are possible, and can therefore be used during the different phases of the 
design process. 
Based on the analysis at the dwelling level, an average initial and life cycle cost per m² floor 
is determined for the dwellings analysed. This is not only done for the reference for newly 
built dwellings (common practice to date), but also for the optimised dwellings. These values 
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can be used as a first estimation at the start of the design process. Further on in the design 
process the average costs per unit of element – based on the results of the analysis at the 
element level (chapter 12) – can be used, while at the end of the design process a more 
detailed calculation can be made as is done within this research. 
14.01.03 Application of the methodology 
The methodology developed is applied to six building elements and sixteen dwellings 
assuming a life span of 60 years.  
ENVIRONMENTAL IMPACTS 
The most important environmental effects depend on the materials used. However, the CO2 
equivalents, emission of SO2, NOx, PM2.5, respiratory effects due to inorganic compounds, 
ecotoxicity, acidification and eutrophication, depletion of fossil fuels and land use prove to 
contribute to a considerable extent to the external cost. The respiratory effects due to organic 
compounds, NH3, radiation, ozone layer depletion, depletion of minerals and climate change 
(for the extra emissions not included in the CO2-equivalents) are negligible. 
Due to the external cost for land use, wood and wood-based products often lead to a higher 
external cost than alternative materials. Since the uncertainty of this cost is higher than for 
the key pollutants, further investigation of the external cost of land use is found to be 
necessary. 
EXTERNAL VERSUS FINANCIAL COSTS 
Application of the method reveals that the external cost1 represents only 5 to 10% of the 
total2 life cycle cost. The highest contribution is noticed for heating and equals approximately 
30%. Consequently, it is important to evaluate financial and external cost separately to move 
towards a more sustainable dwelling stock. On the other hand, the addition of the external 
cost to the financial cost would not lead to unaffordable housing, except for the dwellings with 
a high energy demand. The ‘remaining’ costs for the existing (non-renovated) dwellings built 
before 1970, increase by up to 16% when the external cost is added to the financial cost. 
ENVIRONMENTAL OPTIMISATION POTENTIAL AND PRIORITY ACTIONS 
Based on the analysis of the sixteen dwellings, the environmental optimisation potential of 
dwellings compared to common practice to date is on average 19%, ranging from 18% to 
35%. These percentages are based on the optimisation through measures related to the 
choice of materials, insulation level, choice of technical installation and air-tightness. 
However, comparison of the dwellings analysed reveals that the optimisation potential 
through dwelling characteristics (such as layout, size and window area) is even larger, and 
equals approximately 57% for the analysed dwellings. 
To identify the actions in order of priority, the contribution of the different life phases and 
processes is investigated. If transport for the inhabitants is considered, this leads to the 
highest external (and financial) cost of all considered costs. If this cost is not considered, 
heating contributes most to the life cycle external cost, followed by the construction (including 
production of the materials), electricity use and by freshwater use. For low energy dwellings, 
electricity use and the construction phase should thus be the focus. The production of the 
materials contributes most to the latter, while transport of the materials is on average only 
responsible for 4% of the initial cost. The analysis at the element level reveals that the 
finishing materials most often contribute to the largest extent to the production cost. These 
should therefore be the focus. Ceramic tiles and metal finishes, for example, prove to lead to 
                                                 
1 The external cost includes the impacts due to the emission of CO2 equivalents, SO2, NOx, PM2.5, NH3, VOC; 
human health effects due to carcinogens, respiratory effects, climate change, radiation and ozone layer depletion; 
impact on the quality of ecosystems (acidification, eutrophication, ecotoxicity and land use); and finally depletion 
of resources (minerals and fossil fuels). This is elaborated in detail in chapter 4. 
2 The total cost is defined as the sum of the financial and external cost. 
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a high environmental cost. The former is mainly due to the emission of PM2.5, the latter 
mainly due to the effect on ecotoxicity, emission of CO2 equivalents and respiratory effects 
due to inorganic compounds. 
Since priorities to reduce the life cycle external cost are in the first instance related to 
heating, the optimum K- and E-value, together with the optimal net heating demand are 
determined. The optimal values based on external cost depend on the element ratios, but 
lies between K11 and K28 (K16 on average). The optimum E-value based environmental 
cost lies between E22 and E64 (E41 on average). This large range is not only due to the 
differences in dwelling characteristics, but also due to a difference in heating installation (not 
all dwellings were analysed with an identical installation). It is therefore more correct to 
compare the net heating demand of the dwellings. The optimal net heating demand equals 
on average 28 kWh/m² floor, per year. For the detached dwellings a higher optimal value (39 
kWh/m², year) is identified, while for the terraced dwellings the lowest value is retrieved (15 
kWh/m², year). The latter equals the requirement for the passive house standard. 
ECONOMIC VERSUS ENVIRONMENTAL OPTIMUM 
Discrepancies are noticed between the importance of the different phases and processes in 
terms of environmental and financial life cycle costs. While the reduction of the heating 
demand is the most important action based on environmental cost, the reduction of the 
cleaning and maintenance costs should be the priorities to reduce the life cycle financial cost.  
Consequently, the optimum K- and E-values are higher based on financial considerations 
and lie between K18 and K42 (K24 on average) and between E45 and E59 (E51 on 
average). The net energy demand of the optima based on financial cost equals on average 
41 kWh/m², year. 
For a life span of 30 years lower insulation levels are identified as optimal, while the results 
for a life span of 60 and 120 year are approximately identical. For a life span of 30 years, the 
optimum K-value based on environmental cost rises on average by 5 points. The optimum K-
value based on financial cost rises on average by 6 points. 
A comparison of the traditional heating installations with more advanced ones reveals that 
the condensing gas boiler (with low temperature radiators) is preferred from a financial point 
of view. The high financial investment cost of the solar boilers is not compensated by the 
reduction in costs during the use phase of the dwelling. From an environmental point of view 
the solar boiler for the production of domestic hot water is justified, although a high extra 
investment is required and therefore is situated at the end of the Pareto front. It should only 
be applied in well-insulated dwellings. Moreover, solar boilers do not appear on the Pareto 
front when instant water heaters are introduced as alternative. From an environmental point 
of view a heat pump is moreover preferred for space heating in low-energy dwellings. 
A comparison of different ventilation systems reveals that there is hardly any difference in 
total life cycle cost. The more energy efficient systems (heat recovery and/or controlled 
mechanical exhaust) require a higher investment and maintenance cost than the others 
which are not compensated by the reduction in energy use. Despite this similar life cycle total 
cost, it is noticed that the more efficient systems result in a reduction of 15 to 24% of the life 
cycle external cost. 
Although priorities based on life cycle external cost do not always imply a reduction in the life 
cycle financial cost, the optimisation of the sixteen newly built dwellings in terms of 
environmental impact leads to a reduction in the life cycle financial cost for ten of the sixteen 
dwellings. The life cycle financial cost is on average reduced by 1% with a maximum of 16%. 
An average increase of 6% in financial investment cost is found to achieve the environmental 
optimisation. Moreover, the analysis proved that measures to reduce the life cycle external 
cost not necessarily lead to an increase in financial investment cost. It may furthermore be a 
task of the government to stimulate the measures which lead to both a reduction of the life 
cycle environmental and financial cost but require a high investment cost.  
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COMPARISON OF THE DWELLING TYPES ANALYSED 
There is no absolute preference identified between the four dwelling types analysed. Neither 
is there a direct link between the size or compactness of the dwelling and the life cycle 
environmental cost. This proves that the environmental impact is determined by a 
combination of parameters such as amongst others size, type, choice of building materials, 
insulation level and window size. Some of the analysed dwellings with a low impact per m² 
floor area resulted in a high impact per inhabitant. The size of the dwelling for the number of 
people is thus an important parameter. 
Furthermore, the inclusion of the quality evaluation of a selection of the dwellings confirms 
the hypothesis that the dwellings with a higher life cycle environmental cost may be preferred 
because their quality is more appreciated. 
SENSITIVITY ANALYSIS 
For the analysis, assumptions are made on discount rate, energy price evolution, and 
material cost evolution. Although these have an impact on the economic viability of the 
measures, the results appear to be very robust for the variations in the assumptions. 
14.02 Overall reflection: moving towards a more sustainable dwelling stock 
The analysis in this research was a first attempt to test the developed model and to draw 
some conclusions on the environmental impact of the current dwelling stock. Moreover 
priorities to move towards a more sustainable dwelling stock are investigated. 
The optimisation of the dwellings was limited to current available technology and proves to 
allow an optimisation of about 57% by optimising the dwelling characteristics and about 18 to 
35% by optimising the insulation level, air-tightness, choice of building materials and heating 
installation. This is an optimisation compared to current common practice. This optimisation 
can thus ‘easily’ be achieved to date with current knowledge and technology. Furthermore, 
the analysis reveals that replacing old dwellings (built before 1970) results in a 60% 
reduction in life cycle environmental impact. Although not all dwellings should therefore be 
demolished, a selective demolition of the old dwellings can reduce the impact to an important 
extent. 
Since transport of the inhabitants during the use phase proves to induce an important 
environmental impact, the focus should not only be on the dwelling in isolation, but should 
incorporate a well-considered urban planning. If not, it will be impossible to move towards a 
sustainable dwelling stock. When replacing the old dwellings by new ones, the location of 
these new dwellings is of course very important. 
Convinced that there is still a large potential through innovation of building materials and 
energy production processes, a further reduction of the environmental impact of our urban 
environment should be possible. However, the current living standard and ‘static’ character of 
the way of living must be questioned too. A lot of people simply enjoy space and are 
prepared to pay for this important quality. Furthermore many households of four or more 
persons are reduced to two persons after about 30 years but keep living in their dwelling - 
which is bought or built to put up the initial four persons. Convincing people to leave their 
home with all its memories is not easy if the only reason is ‘the environment’. Constructing 
smaller but qualitative (attractive) housing seems a necessary step to stimulate people to 
move. 
The optimisation revealed that dwellings according to the passive standard should not 
always be strived for since these require a high extra investment for only a limited reduction 
of the life cycle impact compared to low-energy buildings. Other investments seem more 
efficient and should thus be prioritised (e.g. optimisation of transport, food industry). 
Moving towards a sustainable dwelling stock will thus only be possible through a combination 
of urban planning, dwelling design, size, choice of building materials and behaviour of the 
people. An important task is given to the government, not only in defining a ‘sustainable’ 
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policy but also in searching for appropriate and efficient measures to achieve the objectives. 
One option is to regulate via the market mechanism through internalisation of the external 
costs. However, since the analysis proved that this external cost represents only about 6% of 
the cost, this might not be enough. Although internalisation of the external costs - as defined 
in this research - would result in a 30% increase in life cycle cost of high energy consuming 
buildings. Prohibition of environmentally polluting materials and processes (as for instance is 
done with asbestos in the past) and stimuli seem necessary too. Finally, it is important that 
affordability of housing should be kept in mind when developing a sustainable policy. 
Of course, the monetary values as used in this research might be different in future or 
because a different approach is used to determine these. In consequence, their importance 
in the financial cost might increase and lead to an important extra cost when internalised.  
14.03 Further research 
Further research is suggested on different levels: 
- The external cost of wood and wood-based products proved to be high due to the high 
external cost of land-use. Since the uncertainty of this cost is high, further research 
concerning the monetary value seems necessary in order to validate the currently 
assumed value. 
- The optimisation potential of the existing dwellings is revealed to be high since heating is 
the most important contributor to the life cycle external cost. It therefore seems 
necessary to further analyse the renovation measures in detail. However, this requires 
an adaptation of the model since renovation costs differ from the costs for new buildings. 
This should preferably include the dynamic analysis of replacements by improved 
technology during the life span of the dwelling. 
- A further improvement of the model seems useful in order to enable assessments of 
other building types (e.g. offices, schools). 
- The analysis proves that for very well insulated dwellings, overheating becomes 
problematic. A detailed analysis of solar shading combined with the search for the 
optimum window area seems therefore necessary in order to avoid active cooling. 
- Since the building characteristics such as layout, size and window area are important 
parameters influencing the life cycle external cost, further research focusing on new 
dwelling concepts seems necessary for a further optimisation of the dwelling stock. 
- The importance of the transport cost of the inhabitants during use phase based on a first 
estimation is high. A more detailed analysis linking densities and commuter distances 
analysis is necessary to determine the priority measures for optimisation.  
- The extrapolation of the results to the macro scale in order to investigate the optimisation 
potential of the dwelling stock in terms of total environmental impact and in terms of each 
of the environmental impacts considered is a logical subsequent step of the research 
and will be done within the SuFiQuaD project. 
- Finally, necessary policy measures based on the results of the application of the 
methodology should be identified in order to move towards a more sustainable dwelling 
stock. Measures in terms of internalisation of the external cost should be investigated. 
Incentives in order to stimulate those measures which are interesting from an 
environmental (and financial) life cycle perspective, but require a high initial investment, 
are a second point of action. This will be further investigated within the SuFiQuaD 
project. 
- The developed tool can easily be adapted for the investigation of different impacts 
and/or building materials. This has already been done to investigate the depletion of 
primary surface minerals (sand, clay and gravel) together with the un-aggregated Eco-
Indicator 99 impacts of several new building concepts. It concerns the analysis of 
‘industrial, flexible and demountable’ (IFD) building, cradle-to-cradle, timber frame and 
the use of bio-ecological materials compared to traditional construction. 
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